
 
 

ABSTRACT 

NAFISI, ASHKAN. Elucidating the Failure Behavior and Bond Mechanics of Bio-cemented 

Sands (Under the direction of Dr. Brina Montoya). 

Microbial induced carbonate precipitation (MICP) is an eco-friendly and sustainable ground 

improvement technique that improves engineering properties of sands, coal combustion residuals 

(CCR), and mature fine tailings (MFT) materials through different mechanisms. In MICP, urease 

enzymes or urea hydrolyzing bacteria are used to initiate a series of chemical reactions which result 

in generation of carbonate ions. In the presence of divalent cations such as calcium, a solidified 

mineral called calcium carbonate is precipitated. The precipitated calcium carbonate improves the 

mechanical characteristic of soils mainly due to the densifying and bonding particles (DeJong et 

al. 2010). Although bio-mediated techniques (e.g. MICP) have drawn significant attentions of 

researchers in recent years, there are still unknowns about the fundamental behavior under varying 

circumstances. The significance of understanding the physical response of bio-mediated materials 

becomes more important if we acknowledge the necessity of the having deep insight of the 

behavior at micro- and macro-scales in developing numerical models which are able to simulate 

the behavior of bio-mediated materials.  Therefore, the obtained results in this research will be 

used to calibrate and develop DEM models.  

A series of drained triaxial tests were conducted to investigate the effect of parameters such as 

cementation level, confinement, particle size and shape, and stress path on shear response of 

MICP-treated sands at a relative density of about 40%. The results were used to develop linear, 

bilinear, and nonlinear Mohr-Coulomb failure envelopes for three sand types at four levels of 

cementations. Shear wave velocity was measured during the course of treatment and shearing to 

monitor cementation and degradation processes, respectively. A new framework for identifying 



 
 

cementation level was proposed based on the variation of shear wave velocity versus confinement 

and regardless of the mass of precipitated calcium carbonate. The effect of particle size and shape 

was evaluated by conducting triaxial tests on sand particles with angular and round grains with 

two ranges of particle size. Moreover, tensile strength of MICP-treated sands with varying calcium 

carbonate content was measured through direct tensile test.  

At the micro-scale, first the mineralogy of the precipitated calcium carbonate was identified with 

the aims of scanning electron microscopy (SEM) images and X-ray diffraction (XRD) 

measurement. The predominant mode of failure at particle contacts were then determined via 

surface energy measurements on MICP-calcite and silica sheets. Finally, two properties of MICP-

calcite, which is different than properties of geologic calcite were measured. Specific gravity was 

estimated by measuring the volume of MICP-calcite particles with gas pycnometer device. In 

addition, elastic modulus of MICP-calcite was determined by analyzing nanoindentatoin test 

results.  

Two bio-mediated techniques, microbial induced carbonate precipitation (MICP) and enzyme 

induced carbonate precipitation (EICP) were compared by conducting seven triaxial tests with 

shear wave velocities of about 600 m/s. MICP-treated specimens showed higher shear strengths 

and dilation, and the underlying results were evaluated by analyzing observed differences at micro-

scale. 
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Chapter 1: Overview of Dissertation 

1.1 Introduction    

Many conventional ground improvement techniques (e.g. deep soil mixing, jet grouting, etc.) use 

Portland cement to improve soil properties. The process of Portland cement production is the 

source of about 800 million metric tons of CO2 and other harmful gases emission annually. Bio-

mediated techniques are able to provide a more eco-friendly and sustainable solution as an 

alternative to those conventional techniques by harnessing microorganisms that already exist in 

the soil. Urea hydrolyzing bacteria are used to drive a series of chemical reaction resulting in 

calcium carbonate (CaCO3) precipitation. Exogenous bacteria can be injected into a soil mass, or 

indigenous microorganisms can be stimulated through the course of bio-treatment to initiate urea 

hydrolysis (Burbank et al. 2011). These bacteria create a supersaturated condition around 

themselves, and CaCO3 nucleation and crystallization occurs on the surfaces of bacteria which act 

as nucleation sites (Stocks-Fischer et al. 1999). Since bacteria tend to accumulate near particle 

contacts, more precipitation takes place near contact points compared to particle surfaces (DeJong 

et al. 2010).   

Several studies have shown that shear strength of sands and stiffness increase as cementation 

happens as a result of these biochemical reactions (Feng and Montoya 2015; Nafisi and Montoya 

2018a). Moreover, liquefaction can be mitigated by improving volumetric behavior and dynamic 

properties of sand after bio-treatment (Zamani and Montoya 2019). Scour and erosion in coastal 

regions also can be reduced due to precipitation of calcium carbonate at particle contacts. Bio-

mediated techniques also have the potential to be the solution for problematic materials such as 

coal combustion residuals (CCR) and mature fine tailing (MFT). Trace elements leachate and high 

compressibility of CCR materials make all 500 CCR disposal facilities in the United States a 
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potential hazard to environment. Bio-mediation can reduce compression index by the factor of 2 

and also reduce trace elements migration through co-precipitation process (Montoya et al. 2019; 

Safavizadeh 2017). Decanting in MFT material also has been shown that occurs with a faster rate 

after bio-mediation due to the precipitation of calcium carbonate and densification of fine 

materials. 

Although several experimental study have investigated the behavior of bio-cemented materials, 

just a few attempts have been made to simulate the behavior through numerical models and part 

of that can be attributed to not having a deep understanding of the physical behavior of bio-

cemented sands under different conditions. Khoubani et al. (2018) used discrete element model 

(DEM) to evaluate the effect of particle size and shape on the shear response of MICP-treated 

sands. Feng et al. (2017) carried out DEM analysis to simulate the shear response of Ottawa 50-

70 sand at three level of cementation. Gai and Sánchez (2018) proposed an elastoplastic 

constitutive model for MICP-treated sands.  

1.2 Scope of Research 

The main focus of this research is to elucidate the failure behavior and bond mechanics of bio-

cemented sands. To achieve this, tests at micro- and macro-scales are performed under varying 

conditions.  

At micro-scale, unknown mechanical properties of MICP-calcium carbonate such as specific 

gravity and elastic modulus are measured through experimental methods. In addition, the 

predominant mode of failure at particle contacts is determined using surface energy method. 
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At macro-scale, drained triaxial tests are performed to evaluate the shear response of MICP-treated 

sands across a wide range of effective confining stresses, cementation levels, and particle shapes 

and sizes. In addition, failure envelopes are developed using three models to assess the shear 

strength. The range of cementation levels (uncemented, lightly, moderately, and heavily cemented) 

and confining stresses (10 kPa to 400 kPa) were chosen to represent a wide range of improvement 

levels and depths likely for bio-cementation implementation. In addition, sand types were selected 

in order to encompass coarse, medium, and fine sand with rounded and sub-angular particles. 

Additional drained triaxial tests under four varying stress paths and cementation levels are 

performed. Moreover, tensile strength of nine specimens with different calcium carbonate content 

were measured through direct tensile test.  

1.3 Dissertation Organization 

This dissertation is composed of nine chapters. The first seven chapters are research papers that 

have been submitted or accepted in conference proceedings or journals and the last chapter 

summarize all findings. Below is a brief description of the next chapters.  

Chapter 2 presents a paper describing how small strain shear modulus (or shear wave velocity) is 

dependent on confining pressure as cementation level varies. This finding is important to 

determine a target shear wave velocity for a specific level of cementation at different confining 

pressures. Also based on the obtained results a new framework has been presented to identify 

cementation level of MICP sands. This chapter, entitled "A New method for Identifying 

Cementation Level of MICP-Treated Sands" and authored by Brina M Montoya and Ashkan 

Nafisi, has been published in ASCE Geotechnical Special Publications (GSP) in IFCEE 

conference.  
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Chapter 3 summarizes findings obtained from 36 drained triaxial tests to evaluate the behavior of 

MICP-sand across the range of effective confining stresses, cementation levels, and particle sizes. 

The shear responses of different sands with various conditions have been evaluated. Also, failure 

envelopes are developed using three models to assess the shear strength of MICP sands. 

Additionally, sand types were selected in order to encompass coarse, medium, and fine sand with 

rounded and sub-angular particles. This chapter, entitled "Shear strength envelopes of bio-

cemented sands with varying particle size and cementation level" and authored by Ashkan Nafisi, 

Brina M Montoya, and T Matthew Evans. This paper is currently under re-review with the Journal 

of Geotechnical and Geoenvironmental Engineering. 

In chapter 4, the shear response of MICP-treated sands subjected to varying stress paths at different 

levels of cementation is presented. The effect of stress relaxation and compression on cementation 

degradation is also evaluated by conducting four additional tests. This chapter, entitled "Shear 

response of MICP-treated sands under varying stress paths" and authored by Ashkan Nafisi and 

Brina M Montoya is intended to be submitted to Acta Geotechnica Journal.  

Chapter 5 elaborates the effect of particle size and shape on shear response of MICP sands based 

on conducting six drained triaxial tests on moderately cemented specimens. The paper, entitled 

"The effect of grain size and shape on mechanical behavior of MICP sand I: Experimental study" 

and authored by Ashkan Nafisi, Ali Khoubani, Brina Montoya, T Matthew Evans has been 

accepted in International Symposium on Bio-mediated and Bio-inspired conference. It can be 

noted that a companion paper was also submitted to the same symposium, entitled "The effect of 

grain size and shape on mechanical behavior of MICP sand II: Numerical study" and authored by 

Ali Khoubani, Ashkan Nafisi, T Matthew Evans, Brina Montoya.  
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In chapter 6, direct tensile tests results on nine MICP-treated specimens with different calcium 

carbonate content is presented. Three additional unconfined compressive strength were also 

conducted to compare the behavior at tensile and compressional loading modes. This paper, 

entitled "Tensile strength of microbially induced carbonate precipitation sands" and authored by 

Ashkan Nafisi, Douglas Mocelin, Brina M Montoya, and Shane Underwood is currently under 

review with the Canadian Geotechnical Journal.  

Micro-scale measurements of MICP are presented in chapter 7. First, the mineralogy of 

microbially induced calcium carbonate was identified using SEM images and XRD test. Then, 

mechanical properties of MICP-calcite such as specific gravity and elastic modulus were found 

through gas pycnometer and nanoindentation tests, respectively. In addition, the predominant 

mode of failure at particle contacts was determined using surface energy method. These properties 

will be incorporated in the development a DEM simulations capable of predicting shear, tensile 

and torsion strength of cemented particles. The experimental results will be published in a joint 

paper along with results obtained from numerical models. This paper, entitled "Calcite bond 

characteristics and mechanics of bio-cemented sands" will be submitted to Computers and 

Geotechnics Journal. 

Chapter 8 presents a comparison between the shear response and mineralogy of precipitated 

calcium carbonate in two different bio-mediated techniques, namely MICP and enzyme induced 

carbonate precipitation (EICP). This paper, entitled "Influence of microbe and enzyme induced 

treatments on cemented sand shear response" authored by Ashkan Nafisi, Shahin Safavizadeh, and 

Brina M Montoya has been accepted in Journal of Geotechnical and Geoenvironmental 

Engineering.  
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Finally the main contributions achieved in this study are reviewed in chapter 9.  
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Chapter 2: A New Method for Identifying Cementation Level of MICP-treated Sands 

This chapter was previously published as: 

Nafisi, A., and Montoya, B. M. (2018). “A new framework for identifying cementation level of 

MICP - treated sands.” IFCEE, Orlando, 37–47. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

Abstract 

Microbial induced calcium carbonate precipitation (MICP) is a ground improvement technique 

that can be employed to increase soil stiffness and shear strength. Based on the treatment’s 

objectives, soil properties are improved to reach different levels of cementation. Shear wave 

velocity and mass of calcium carbonate can be used to categorize treated soils into various levels 

of cementation. However, the obtained results show that these two parameters are not sufficient in 

categorizing cementation and may be misleading. Therefore, a new framework which considers 

particle size, the dependency of shear modulus on confinement, shear wave velocity, and calcium 

carbonate content is proposed. In this paper, three types of poorly graded sands with different 

particle sizes were used. Shear modulus was measured at varying levels of cementation and 

confinement pressures to find out the amount of dependency of small strain shear modulus on 

confining pressure. According to the results, the finest soil needs more calcium carbonate to reach 

heavily cemented level, but the final shear wave velocity is lower compared to the coarser sands.  

Based on the obtained results, n (the slope of log Gmax against log of mean effective stress) values 

for lightly, moderately, and heavily MICP-sands are about 0.4, 0.3, and less than 0.1, respectively. 

2.1 Introduction 

The increasing demand for environmentally-friendly, cost effective, and sustainable techniques for 

ground improvement has driven scientists and engineers to investigate such methods. Bio-

mediated soil improvement techniques have the potential to meet the aforementioned demands 

(DeJong 2013). Among bio-mediated soil improvement techniques, microbial induced calcium 

carbonate precipitation (MICP) has drawn the attention of researchers in recent decades. In this 

method urea hydrolyzing bacteria, such as Sporosarcina pasteurii, are used to facilitate the 

precipitation of calcium carbonate by increasing the alkalinity of pore fluid. Strength and stiffness 
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of the soil increase after bio-treatment due to the densification and bonding effects of the 

precipitated calcium carbonate (DeJong et al. 2010). The degree of improvement relies upon the 

treatment process, chemical recipe, and soil properties. Based on the achieved improvement, 

treated soils are classified into different levels of cementation. Cementation levels are defined so 

that specific behavior and properties of treated soil, namely shear strength behaviors, can be 

presumed. Montoya and DeJong (2015) observed that strain hardening behavior changes to strain 

softening behavior in moderately bio-cemented specimen which is the threshold between lightly 

and moderately MICP-sand. 

The degree of cementation is usually presented by the weight ratio of the added cementing agents 

(e.g., Portland cement, calcite, or gypsum) to the soil mass in artificially cemented soils (Chang 

and Woods 1987; Ismail et al. 2002c). However, in MICP-sand, this ratio cannot be specified 

accurately before starting bio-treatment because the mass of precipitated calcium carbonate is a 

function of soil properties, bacteria activity, and environmental factor (Mortensen et al. 2011b). 

This issue becomes more important in experimental settings since the mass of calcium carbonate 

is measured by destructive methods such as acid washing (Feng and Montoya 2015; Whiffin et al. 

2007). Therefore, the need of non-destructive methods in determining the level of cementation is 

appreciable. Measuring shear wave velocity is a non-destructive technique which helps determine 

the level of cementation. However, the behavior of treated soils can be affected by some other 

factors such as grain size distribution and particle shape, which play a role in specifying the level 

of cementation (Nafisi et al. 2018). Indeed, two specimens with the same shear wave velocity and 

mass of calcium carbonate can behave differently which indicates that the level of improvement is 

different. Therefore, another framework based on soil behavior is needed to classify MICP-sands.  
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The effect of cementation degree on the various in small strain shear stiffness (G) of cemented 

soils relative to applied pressure (e.g., vertical effective stress, σ'mean) has been evaluated by Chang 

and Woods (1987) and Montoya et al. (2013). The results indicated that G becomes less dependent 

to the confining pressure as the cementation level increases. Generally, the relationship between 

the log G against log σ'v for sands has a slope of about 0.5 (Stokoe et al. 1985). 

Montoya et al. (2013) performed a series of laboratory tests on Ottawa 50-70 sand with different 

degrees of cementation to find how dependent shear stiffness is to the vertical effective stress in 

MICP sand at different levels of cementation. It was observed that n (the slope of log Gmax against 

log σ'v) does not remain constant during treatment and gets smaller by increasing the stiffness of 

treated soils. Lightly cemented specimens had n value less than 0.5 and the line was almost 

horizontal for heavily cemented specimens. 

Chang and Woods (1987) investigated the dependency of the shear modulus of artificially 

cemented sands on the confining pressure at different levels of cementation. Their results also 

highlighted that the n value decreases by increasing the cementation degree.  

These results indicate that the n value (the slope of log Gmax versus log σ'mean) can be an index for 

categorizing cemented soils into different levels of cementation. Hence, this paper sets forth the 

relationship between different levels of cementation and the n value for three different types of 

sand.  
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2.2 Materials and Methods 

2.2.1 Soil Properties  

Three types of poorly graded silica sand with different mean particle sizes were used in this 

study. The sand properties are tabulated in Table 1. 

2.2.2 Sample Preparation  

Three specimens were prepared using dry pluviation with a relative density of 40%. The height 

and diameter of specimens were 144 mm and 72 mm, respectively. The prepared specimens were 

placed under 100 kPa vacuum after preparation. Therefore, the dimensions were measured while 

effective stress was 100 kPa. After filling up the triaxial cell, the cell pressure increased gradually 

while the vacuum was released so that the effective stress did not exceed 100 kPa during sample 

preparation. The top and bottom triaxial caps were modified to install bender elements that made 

the shear wave velocity measurement possible during treatment.  

2.2.3 Treatment Process 

In this study, Sporosarcina pasteurii was used. To culture the bacteria, the growth medium 

consisted of: 0.13 mol l-1 Tris buffer, 10 g l-1 (NH4)2 SO4, and 20 g l-1 yeast were autoclaved 

separately and then mixed together (Montoya and DeJong 2015). S. pasteurii stock culture was 

introduced to the growth medium, and then incubated in shaking incubator at 30oC and 200 rpm 

for about 40 hours. After reaching the desired optical density (OD)600 of 0.8 to 1.2, cultures were 

centrifuged at 4000 g for 15 minutes.  
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A two-phase injection method was used for treatment. Treatments were initiated by injecting 

biological solution (the bacteria was inoculated to the specimen through biological injection) with 

retention time of 4 to 6 hours followed by injecting the cementation solution. Cementation 

treatments were repeated in 6-6-12 h interval, and the direction of injection was alternately 

changed from top to bottom and bottom to top to improve the uniformity of calcium carbonate 

distribution. The chemical recipes for the both solutions are listed in Table 2.  

2.2.4 Shear Wave Velocity Measurements 

Bender elements with a known separation distance were used to measure the shear wave velocity 

during treatment to monitor the cementation process non-destructively. The top and bottom triaxial 

caps were modified to install bender elements. Waves were generated by a function generator model 

Agilent 33522A and were received by a digital oscilloscope model Agilent MSO6014A. The shear wave 

velocity of the soil was directly calculated by measuring the time required for a small strain elastic 

shear wave to be transmitted from a transmitting to a receiving bender element through a known 

distance (here is almost equal to the height of the specimens). Bender elements were prepared by 

following a special preparation technique proposed by Montoya et al. (2012).  

2.2.5 Small Strain Shear Modulus Assessment 

The shear modulus can be estimated by using the following equation: 

                                                                    
2

max sG V                                                               (1) 

Where ρ is the mass density of treated soil and Vs is the shear wave velocity. Mass density is 

calculated for the specimens based on the mass of soil and volume of each specimen.  
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In this study, estimating shear modulus is of primary interest to evaluate the dependency of Gmax 

on the confining pressure at different levels of cementation. To achieve this, a specimen of each 

sand was prepared and treated until the “lightly cemented” shear wave velocity was achieved 

(Table 3). These shear wave velocities were picked up based on the previous works (Montoya and 

DeJong 2015) and the authors’ prediction of shear wave velocity at different levels of cementation 

for the three types of sands. Having reached the specific shear wave velocity, the confining 

pressure (i.e., mean effective stress, p') was reduced from 100 kPa to 10 kPa, and then it increased 

from 10 kPa to 100 kPa and from 100 kPa to 400 kPa. At each loading and unloading path, the 

change in shear wave velocity was assessed. After the shear wave velocity measurements were 

complete at 400 kPa, the confinement was reduced to 100 kPa and additional treatments were 

conducted. The treatment and loading processes were repeated for “moderately cemented” and 

“heavily cemented” levels (Table 3). The change in volumetric strain during the loading and 

unloading cycles were minimal and assumed to be an insignificant change to the soil fabric. 

The n value was assessed for the three loading steps separately to account for the effect of 

unloading and reloading in the specimens. Therefore, the reported values are n1, n2, and n3 for the 

three mentioned ranges of confinement.  

2.2.6 Calcium Carbonate Content 

The final mass of calcium carbonate was measured for each specimen after obtaining the level of 

cementation so that shear modulus was almost independent of the confinement (heavily cemented 

level) by acid washing technique with 1 M HCL solution.  
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2.3. Results 

The shear modulus of soil is a function of the applied stress, which is as a result of a reduction in 

the void ratio and restraining of relative movement between soil particles (Chang and Woods 

1987). In addition, calcium carbonate precipitation primarily happens at the particle contacts 

(DeJong et al. 2010) which has remarkable contribution in increasing the stiffness of MICP-sand. 

Therefore, along the cementation process, the particles are bound to each other until they form a 

continuum media in which the majority of particles are bridged to each other (heavily cemented 

soil). At this level of cementation, any induced stress is supported by the stiff structure of the soil 

in a way that any volume change and relative movement between soil particles are negligible. 

Indeed, sand particles are cemented to adjacent particles by the precipitated calcium carbonate, 

and any relative movement is restrained by the calcium carbonate bonds. In this situation the 

stiffness becomes almost independent of the confining pressure. Therefore, it is expected that the 

confining pressure exerts less influence on the shear modulus as the cementation process happens. 

The obtained results match well with the proposed scenario. The variation of the shear modulus 

versus confining pressure are presented in Figure 1. Initial n values for untreated specimens are 

0.51, 0.48, and 0.5 for Ottawa 20-30, Ottawa 50-70, and Nevada sand, respectively. These numbers 

correspond well with the presented values in other studies (Stokoe et al. 1985). Table 4 shows the 

n values for each sand for different cementation levels and ranges of confinement. At the same 

shear wave velocity, the coarser sand has a higher n value, and the ultimate value for n is about 

0.05 in all types of sand.  

2.4. Discussion  

The compressive strength of the precipitated calcium carbonate is higher than its tensile strength 

(Lin et al. 2014), so the n value at a given shear wave velocity is unique for different loading paths, 
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especially in lightly and moderately levels of cementation in which the calcium carbonate bonds 

are not strong enough to support tensile stresses.  Hence, the n value is higher when confining 

pressure decreases compare to the condition in which confining pressure increases (n1 >n2, Table 

4). Comparing n2 and n3 shows that these two values are close to each other even though the 

maximum confining pressure is 40 times greater than the minimum confining pressure (10 kPa). 

Based on the Hertz theory (Lambe and Whitman 1969a), the contact area for uncemented particles 

has a direct relationship with N2/3 where N is the applied load to a particle. Therefore, it is expected 

to have about an 11 times larger contact area for particles at 400 kPa compared to 10 kPa. However, 

the contact area is smaller than the bonding area after cementation (DeJong et al. 2006). Hence, it 

is reasonable to assume that 40 times increase in confining pressure does not change the bonding 

area significantly after cementation which justifies the small difference between n2 and n3. 

Treated soils are categorized into three levels of cementation according to the measured shear wave 

velocities and the correspondent n values. Lightly, moderately, and heavily cemented sands are 

delineated based on the n values of about 0.4, 0.3, and less than 0.1, respectively. 

The measured shear wave velocity for Nevada and Ottawa 50-70 sands are less than that of Ottawa 

20-30 while the final mass of calcium carbonate is higher and the n values are almost the same. 

The difference can be attributed to the different size and the shape of soil particles in Nevada, 

Ottawa 50-70, and Ottawa 20-30. The number of particle contacts in a soil mass increases by 

decreasing the particle size (Ncontact  (1/R3), (Ismail et al. 2002a)). Considering the shape and size 

of particles, the number of particle contacts is higher in Nevada sand compared to the two other 

sands. Hence, more calcium carbonate is needed to bind particles to reach any specific level of 

cementation. Regarding the lower shear wave velocity for Nevada and Ottawa 50-70 sand compare 
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to Ottawa 20-30, it is proposed that sending waves must travel longer path in the treated soil mainly 

because of the higher number of contact points in Nevada sand compare to the two other types of 

sands. Therefore, at the same level of cementation (almost similar n value), the mass of calcium 

carbonate is more in Nevada sand while the shear wave velocity is less. Table 3 tabulates average 

calcium carbonate percentage for the three specimens at heavily cemented level (the ratio between 

mass of calcium carbonate and the mass of the soil). 

Figure 2 shows the variation of n against shear wave velocity for the three types of sand. The curve 

is developed by employing logarithmic curve-fitting method which is statistically best fit. This 

figure can be used to estimate the level of cementation of MICP treated soils at different depths 

(ranging from 0.5 m to 25 m) based on a known shear wave velocity.  It can be also used to predict 

Gmax at different levels of cementation and confining pressure when shear wave velocity is 

measured at just one confining pressure. The n value can be assessed through an iterative process 

by assuming an appropriate n value using the results in Table 4 as a guide, estimating the shear 

wave velocity at 100 kPa using Equation 2 determining the n value using Figure 2, and repeating 

the process until the n value converges. Equation 2 is as follows: 

 

                                                                   100

( )

2
( )
100

sV
Log

Vn

P
Log

                                                             (2) 

Where n, Vs, V100, and P are the slope of log Gmax versus log σ'mean, shear wave velocity, equivalent 

shear wave velocity at 100 kPa, and mean effective stress (kPa), respectively.  



17 
 

Representative Mass of Calcium Carbonate. The amount of precipitated calcium carbonate is 

usually presented by reporting the average mass of calcium carbonate for bio-treated soil (Gomez 

et al. 2015; Terzis et al. 2016). The average value can be a reliable index to determine the behavior 

of bio-treated soil in cases which precipitated calcium carbonate has been distributed uniformly. 

However, the average value is not the best index to be considered when non-uniformity is 

observed. Two specimens with non-uniform distribution of calcium carbonate were prepared to 

show how failure is affected by the calcium carbonate distribution. Each specimen was divided 

into 6 sections after shearing to measure the mass of calcium carbonate in each section. Figure 3 

shows the calcium carbonate distribution and sheared specimens after 15% of axial strain in a 

drained triaxial compression test.  Table 4 shows the minimum and average mass of calcium 

carbonate in each specimen. As it can be seen, the section with minimum amount of calcium 

carbonate governs the behavior of specimens, and failure takes place in the weakest section of 

treated soil. Therefore, the minimum should be reported along with the average value of 

precipitated calcium carbonate in cases which calcium carbonate distribution is non-uniform.  

2.5. Conclusion 

Based on the experimental results the following conclusions can be drawn:  

1- The n value (the slope of log Gmax vs log σ'mean) varies between 0.05 to 0.52 depends on 

sand type and cementation level. The higher the level of cementation, the lower the n value. 

2- Classifying MICP treated soils into different levels of cementation based on their shear 

wave velocity and/or the mass of precipitated calcium carbonate is not inclusive. Different 

types of soil can reach to a specific level of cementation, based on their behavior, with 

different shear wave velocity and mass of calcium carbonate.  
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3- The maximum shear wave velocity, and thus small strain shear modulus, that can be 

achieved after treatment depends on the matrix of cemented sand.  

4- A new framework is proposed in which cementation level is a function of n. The n value 

for lightly, moderately, and heavily MICP-sand are about 0.4, 0.3, and less than 0.1, 

respectively.  
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Table 2. 1. Sand properties 
 Sand Type 

Sand Property Ottawa 20-30 Ottawa 50-70 Nevada 

D50 (mm) 0.7 0.22 0.13 

emax 0.742 0.87 0.86 

emin 0.502 0.55 0.56 

Cu 1.17 1.4 1.7 

Cc 1.02 0.9 1.24 

Gs 2.65 2.65 2.65 

shape Round Round Sub-angular 

 

Table 2. 2. Biological and cementation solution  

Chemicals Biological Solution (mM) Cementation Solution (mM) 

Urea 333 333 

Ammonium Chloride 374 374 

Calcium Chloride 0 100 

 

Table 2. 3. Target shear wave velocities at a mean effective stress of 100 kPa  

Sand Type Untreated 
Lightly 

Cemented 

Moderately 

Cemented 

Heavily 

Cemented 

Ottawa 20-30 220 m/s 370 m/s 610 m/s 1100 m/s 

Ottawa 50-70 200 m/s 380 m/s 580 m/s 1080 m/s 

Nevada 200 m/s 330 m/s 550m/s 890 m/s 
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Table 2. 4.  n values for different types of sand and levels of cementation  

Lightly Cemented 
Vs 

(m/s) 

100 kPa to 10 kPa 

(n1) 

10 kPa to 100 kPa  

(n2) 

100 kPa to 400 kPa  

(n3) 

Ottawa 20-30 370 0.46 0.4 0.38 

Ottawa 50-70 380 0.44 0.41 0.37 

Nevada 330 0.48 0.41 0.4 

Moderately Cemented 
Vs 

(m/s) 

100 kPa to 10 kPa 

(n1) 

10 kPa to 100 kPa  

(n2) 

100 kPa to 400 kPa  

(n3) 

Ottawa 20-30 610 0.5 0.42 0.31 

Ottawa 50-70 580 0.38 0.32 0.31 

Nevada 550 0.37 0.3 0.27 

Heavily Cemented 
Vs 

(m/s) 

100 kPa to 10 kPa 

(n1) 

10 kPa to 100 kPa  

(n2) 

100 kPa to 400 kPa  

(n3) 

Ottawa 20-30 1100 0.09 0.07 0.05 

Ottawa 50-70 1080 0.1 0.08 0.05 

Nevada 890 0.11 0.07 0.06 

 

Table 2. 5. Final average mass of calcium carbonate for the specimens 

Sand Type Ave. Mass of Calcium carbonate (%) 

Ottawa 20-30 2.6% 

Ottawa 50-70 6.3% 

Nevada 7.2% 

 

Table 2. 6. Minimum and average mass of calcium carbonate 

# Sand Type Ave.  Min.  

1 Ottawa 50-70 6.3% 4.3% 

2 Ottawa 20-30 6.1% 4.0% 
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Figure 2. 1. Variation of Gmax versus confining pressure for (a) Ottawa 20-30;  (b) Ottawa 50-70; 

(c) Nevada Sand 
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Figure 2. 2. Variation of the n value versus measured shear wave velocity 

 

  

Figure 2. 3. Non-uniform calcium carbonate distribution and sheared specimens (Spec. 1 on the 

left and Spec. 2 on the right side) 
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Chapter 3: Shear Strength Envelopes of Bio-cemented Sands with Varying Particle Size 

and Cementation Level 

This chapter is submitted as:  

Nafisi, A., Montoya, B. M., and Evans, T. M. (2019). “Shear strength envelopes of bio-cemented 

sands with varying particle size and cementation level.” J. Geotech. and Geoenviron. Eng., 

(under rereview). 
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Abstract 

Microbial induced calcium carbonate precipitation (MICP) is a bio-mediated technique that may 

be used to improve the strength and stiffness of soils. Various parameters affect the behavior of 

MICP-cemented sand, and their effects must be explored before upscaling the MICP treatment 

technique. The study presented herein investigates the shear response of three types of sand 

(Ottawa 20-30, Ottawa 50-70, and Nevada) sheared in drained triaxial compression under three 

effective confining pressures (10, 100, and 400 kPa) at four levels of cementation (untreated, light, 

moderate, and heavy). Measurements of shear wave velocity were used for process monitoring 

throughout bio-treatment. Shear wave velocity was used as an index to represent the cementation 

levels. After shearing, the calcium carbonate content was measured directly.  Treated specimens 

showed similar shear responses at a given cementation level although the number of treatments 

and the mass of precipitated calcium carbonate varied widely. Bilinear and nonlinear failure 

envelopes are proposed based on the obtained results to estimate the shear strength of MICP-

treated sand. The shear strength parameters (c' and ϕ') are inferred based on the developed bilinear 

failure envelope. SEM images were used to visually track the evolution of cementation at different 

cement contents. The predominant crystal phase of precipitated calcium carbonate was visually 

identified to be calcite. 

Keywords: Microbial induced calcium carbonate precipitation (MICP); shear response; shear 

wave velocity; failure envelope. 
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3.1 Introduction 

The fast pace of urban development throughout the globe coupled with the essential need to 

preserve the environment has necessitated the development of sustainable construction 

technologies. In geotechnical engineering, biologically-based soil improvement techniques (e.g. 

microbial induced calcium carbonate precipitation (MICP) and enzyme induced calcium carbonate 

precipitation (EICP)) have the potential of being more eco-friendly compared to conventional soil 

improvement methods (DeJong et al. 2010). In these techniques, biological processes are 

harnessed to improve engineering properties (DeJong et al. 2006). Urease enzymes or urea 

hydrolyzing bacteria are used to initiate a series of chemical reactions. In the presence of ions such 

as calcium, the byproduct improves the mechanical characteristic of soils mainly due to the 

densification and bonding effects of the precipitated calcium carbonate (DeJong et al. 2010). Shear 

strength, stiffness, volumetric behavior, compressibility, erodibility, and leaching behavior of 

contaminated soils or fly ash can be improved via MICP and EICP methods at both large and small 

scales. (DeJong et al. 2006; Whiffin et al. 2007; Van Paassen et al. 2010; Gomez et al. 2014;  

Montoya and DeJong 2015; Safavizadeh 2017; Montoya et al. 2018; Terzis and Laloui 2019; 

Zamani and Montoya 2019). These promising results imply that conventional soil improvement 

methods can be replaced, in whole or in part, by these novel techniques. Before applying a bio-

mediated technique in the field, the constitutive behavior must be fully understood by 

incorporating the effect of various parameters such as soil fabric, level of cementation, and stress 

state. 

The effect of stress state on MICP-treated sand behavior has been studied by conducting triaxial 

tests on MICP sands at varying levels of confinement (Feng and Montoya 2015; Lin et al. 2015). 
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The results indicate that the lower the confining pressure, the more brittle the sand behavior. In 

addition, dilation was suppressed as confining pressure is increased. 

Studies that have evaluated the behavior of bio-cemented sands at different levels of cementation 

highlighted that both shear strength and stiffness increase measurably with increasing cementation 

level. It has also been reported that volumetric behavior becomes more dilative as a sand becomes 

more cemented (Feng and Montoya 2015; Montoya and DeJong 2015). Note that cementation level 

has historically been represented by either precipitated mass of calcium carbonate (Whiffin et al. 

2007; Feng and Montoya 2015) or shear wave velocity (Lin et al. 2015; Montoya et al. 2018; 

Zamani and Montoya 2018) in the literature. As explained in the following sections, the mass of 

calcium carbonate is quantified through a destructive procedure after the completion of the test 

and cannot be predetermined or specified a priori in a manner similar to other artificially (e.g. 

Portland) cemented sands. In this study we have elected to use shear wave velocity measurement, 

which allows us to monitor the cementation process non-destructively in real time, as an index to 

identify cementation level. In this study, normalized shear wave velocities at 100 kPa mean 

effective stress (Vs1) for light, moderate, and heavy levels of cementation were chosen to be about 

350 m/s, 650 m/s, and more than 900 m/s, respectively. This does not mean that the cementation 

levels are defined based on the shear wave velocity. Cementation levels are defined so that light, 

moderate, and heavy levels of cementation resemble aged sand, very dense sand or soft rock, and 

rock, respectively (Montoya and DeJong 2015). Also, note that shear response of MICP-treated 

sand at any given level of cementation should be similar under the same confinement, regardless 

of sand type. 
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Most studies evaluating the behavior of bio-cemented sands have been conducted using a relatively 

narrow range of particle sizes between 0.15 mm to 0.25 mm ( Whiffin et al. 2007; Van Paassen et 

al. 2010; Cheng and Cord-Ruwisch 2012; Qabany and Soga 2013; Montoya and DeJong 2015; 

Terzis et al. 2016;) partly because sands with this range of size are more susceptible to liquefaction 

(Gallagher and Mitchell 2002) To better span the constitutive behavior, however, broader ranges 

of particle sizes should be considered. Lin et al. (2015) conducted a series of triaxial tests on two 

types of sand and showed that the efficiency of calcium carbonate in increasing shear strength and 

stiffness is different for the two sands. The effect of particle size and shape on MICP sands 

response have been discussed using experimental and numerical studies by Khoubani et al. (2018) 

and Nafisi et al. (2018). The D50 of "relatively fine" and "relatively coarse" sands in the study was 

about 0.7 mm and 0.85 mm, respectively. The specimens were treated to reach a similar shear 

wave velocity, but calcium carbonate content of the fine sand was higher than that of the coarse 

sand. The results demonstrated that shear strength increases as the angularity of particles increases 

and particle size decreases. However, it was also noted that the results should not be generalized 

for a wider range of particle sizes and shapes since the number of contacts per unit volume varies 

with particle size and shape, which affects the behavior. 

Estimating the shear strength of MICP-treated sands is necessary if MICP is to be a viable approach 

to the strengthening of soils in-situ. Interpolating shear strength estimates between laboratory trials 

to model field conditions may be achieved through the development of failure envelopes. Feng 

and Montoya (2015), Lin et al. (2016), Terzis et al. (2016), and Cui et al. (2017)developed linear 

Mohr-Coulomb failure envelopes for MICP-treated sands to estimate the shear strength by 

determining c' and ϕ' parameters over limited ranges of effective confining stresses; however, 

failure envelopes that can estimate shear strengths over a wide range of effective confining 
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stresses, such as bilinear and nonlinear failure envelopes, have not been developed for MICP-

treated sands. Bilinear failure envelopes yield two sets of Mohr-Coulomb strength parameters 

instead of one for a linear failure envelope. Further accuracy may be achieved by using nonlinear 

models, such as the model presented by (Baker 2004). 

Here we present the results of a study in which the behavior of MICP-cemented sand is evaluated 

across a wide range of effective confining stresses, cementation levels, and particle shapes and 

sizes through a series of drained triaxial tests. The shear responses of different sands with various 

conditions have been evaluated. In addition, failure envelopes are developed using three models 

to assess the shear strength of MICP sands. Finally, calcium carbonate distribution along the 

specimens' height are presented. The range of cementation levels (uncemented, lightly, 

moderately, and heavily cemented) and confining stresses (10 kPa to 400 kPa) were chosen to 

represent a wide range of improvement levels and depths likely for bio-cementation 

implementation. In addition, sand types were selected in order to encompass coarse, medium, and 

fine sand with rounded and sub-angular particles. 

3.2. Materials and Methods 

3.2.1. Sand Types and Properties 

Three different quartz sands were used in this study: Ottawa 20-30, Ottawa 50-70, and Nevada 

sands (Table 1). Angularity and sphericity were determined using an aggregate image 

measurement system (AIMS) which uses a computer, a camera, focused lighting, and a microscope 

to quantify particle shape (Gates et al. 2011). Angularity and sphericity of 300 particles of each 

sand were identified, and the results are shown in Figures 1 (a) and (b) in the form of grain 

angularity index and form 2D distribution curves, respectively. Ottawa 20-30 sand has the least 
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angularity and the most sphericity, while Nevada sand has the most angularity and the least 

sphericity. Although the middle range of angularity for Ottawa 50-70 and Nevada sands are almost 

similar, Nevada sand has a higher number of particles with high or extreme angularity.  

3.2.2. Experimental Design 

Thirty six drained triaxial tests were performed on the three types of sands at four levels of 

cementation (uncemented, lightly, moderately, and heavily cemented) under 10 kPa, 100 kPa, and 

400 kPa effective confining stresses. Cemented specimens’ characteristics are presented in Table 

2. Two additional triaxial experiments were conducted on specimens of moderately cemented sand 

(Ottawa 20-30) with effective confining stresses of 70 kPa and 200 kPa to better define the shape 

of the failure envelope. 

3.2.3. Specimen Preparation 

Triaxial specimens were prepared by dry pluviation to a relative density of 40% ± 4%. The height 

and diameter of specimens were about 144 mm and 72 mm, respectively. Volume changes during 

treatment and consolidation were measured and found to be negligible (≤1%, Typ.). 

3.2.4. Bio-cementation Process  

The triaxial specimens were biologically treated using Sporosarcina pasteurii bacterium, prepared 

by following the method described in Mortensen et al. (2011). The final optical density (OD600) 

of a solution containing the bacteria was between 0.8 to 1.2. A two-phase injection method was 

used for treatments. The treatments were initiated by injecting a biological solution consisting of 

the bacteria suspended in media of 333 mM of urea and 374 mM of NH4Cl with a retention time 

of 4 to 6 hours. Subsequent cementation injections consisted of 333 mM of urea, 374 mM of 
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NH4Cl, and 100 mM of CaCl2. Cementation treatments were repeated in 6-6-12 h intervals, and 

the direction of the injections alternated from top to bottom and bottom to top to improve the 

uniformity of calcium carbonate distribution. Before injecting the cementation solution, 100 ml of 

a solution containing 333 mM of urea was injected to prevent immediate precipitation of calcium 

carbonate (CaCO3) near injection points. The injected volume of solutions was two times the pore 

volume for each specimen. Flow rate for all treatments was 10 mL/min. The number of injections 

varied depending on the target level of cementation and soil type. In cases where the shear wave 

velocity of a specimen did not increase after one injection (along with a drop in pH to from 9 to 

7.5), bio-dosing was used ( Martinez 2012; Feng and Montoya 2015). During this process, a low 

density of ureolytic microbes (about 2 mL of suspended bacteria) was added to the cementation 

solution to increase the bacterial activity inside the specimen. 

3.2.5. Monitoring Process 

Shear wave velocity was measured during the treatment process using bender elements embedded 

on the top and bottom acrylic plates of the triaxial set up. Benders were prepared following the 

procedure described in Montoya et al. (2012). Target shear wave velocities under different 

confinements were chosen according to the dependency of shear wave velocity on the mean 

effective stress.As mentioned in introduction section, normalized shear wave velocities at 100 kPa 

mean effective stress (Vs1) for light, moderate, and heavy levels of cementation are about 350 m/s, 

650 m/s, and more than 900 m/s, respectively. Vs1 is defined as follows:  

 1
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where Vs is shear wave velocity at a mean effective stress of p', Pa is atmospheric pressure 

approximated by 100 kPa, and n is a constant which varies between 0 and 0.25 in this study, 

depending on the cementation level (Montoya et al. 2013; Nafisi and Montoya 2018). Initial and 

final shear wave velocities for each specimen are presented in Table 2. Final shear wave velocities 

were measured just before shearing the specimens.  

3.2.6. Saturation and Shearing 

After reaching the target shear wave velocity, the specimens were flushed with ten times the pore 

volume of deaired water to wash out air bubbles and chemicals in the specimens. After washing 

the specimens, back pressure was applied to reach a minimum B-value of 0.95. The tests were 

performed with a constant rate of 2.5% axial strain per hour under drained condition. Shear wave 

velocity was measured while the specimens were sheared to give some insight into cementation 

degradation during shearing.  

3.2.7. Microscale Evaluation 

Morphology and elemental characteristics of collected samples were analyzed conducting 

scanning electron microscopy (SEM) equipped with backscattered and secondary electron 

detectors (BSE) coupled with energy dispersive X-ray spectroscopy (EDS). The elemental analysis 

was conducted in a ‘‘spot mode’’ in which the beam is localized on a single area manually chosen 

within the field of view. The elemental composition of a sample was determined using the 

characteristic X-ray spectrum of the specimen being examined. To reduce charging effect on SEM 

images, samples were coated with a gold/palladium alloy.  
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3.2.8. Mass of CaCO3 

After the completion of shearing, all specimens were divided into six sections, approximately 22 

mm each, along the height of specimens. The six samples were put in the oven for 24 hours. The 

dried samples were then washed with 1 M HCl, and oven-dried for 24 hours at a temperature of 

110°C. The CaCO3 content (CCC) for each section was determined by measuring the difference 

in mass before and after acid washing. To make sure that the recorded difference is not due to any 

error or dissolving of soil particles, uncemented sand specimens were washed with acid using the 

same procedure. Nine samples of uncemented sand (three per each type of sand) were washed and 

the mass differences before and after washing were identified to be negligible (i.e., maximum 

0.5%). The average CCC for the specimens along with the standard deviation are presented in 

Table 2. The distribution of CaCO3 is presented later on in this manuscript. 

3.3. Results and Discussions 

3.3.1. Shear Wave Velocity during Cementation Process 

Shear wave velocity was measured throughout treatment to monitor the cementation process in 

real time. Figure 2 shows the variation of shear wave velocity versus time for lightly, moderately, 

and heavily cemented specimens treated under 100 kPa mean effective stress for the three sands 

evaluated. Note that shear wave velocity increases as a result of cementation at particle contacts 

which bridges sand grains to each other. Therefore, calcium carbonate precipitation on the particle 

surfaces may not increase the shear wave velocity. Put another way, since sonic wave propagation 

is a constant-fabric phenomenon, increased frictional resistance between particles, in the absence 

of increased contact stiffness, will not serve to increase shear wave velocity. In the Nevada sand, 

which is the finest of the sands evaluated, shear wave velocity began to increase later compared to 
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Ottawa 20-30 and Ottawa 50-70 sands. This indicates effective cementation initiates earlier for 

Ottawa 20-30 and Ottawa 50-70. The initial lag observed in the Nevada sand (Figure 2, curves (h) 

and (g)) can be attributed to its smaller particles size, and consequently, the larger number of 

particle contacts in the specimens compared to the two other sands. Indeed, a larger mass of 

calcium carbonate is needed initially in Nevada sand to bridge the particles such that shear wave 

velocity increases. After reaching some treatment threshold (at about 150 hours), the shear wave 

velocity increases quickly. We speculate that this threshold is the point that precipitated mass of 

calcium carbonate is enough to bridge sand particles instead of covering the particle surface. 

Comparing Ottawa 20-30 and Ottawa 50-70, a slightly higher shear wave velocity is obtained for 

Ottawa 20-30 after a given number of injections, which is consistent with previous studies ( 

Mortensen et al. 2011; Lin et al. 2016). It also seems that reaching a shear wave velocity higher 

than 1000 m/s for fine sands such as Nevada sand is possible but not practical since a large mass 

of CaCO3 is needed. According to the results, the rate of increasing shear wave velocity is higher 

for the coarse sand. The same trend was observed for the specimens treated under 10 kPa and 400 

kPa effective confining stress. 

3.3.2. Shear Response of the Three Sands under Different Confinements 

The effect of bio-cementation on the shear behavior of MICP-sands was examined using triaxial 

tests. Figure 3 shows the behavior of the sands at the different levels of cementation and 

confinements. Regardless of the sand type, shear strength was significantly improved at 

moderately and heavily cemented specimens, while a slight improvement was observed for lightly 

cemented specimens compared to uncemented sands. However, the elastic modulus increased even 

for the lightly cemented specimens due to the bonding effect of the precipitated CaCO3. Table 3 
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presents the secant modulus at 50% of the peak strength (E50) for the conducted tests; E50 increased 

as the cementation level was increased. 

Considering now volumetric behavior, higher dilation was observed in the specimens with higher 

levels of cementation. The changes in volumetric behavior can be attributed to localized dilation 

at particle contacts and increasing surface roughness, which is evident in the SEM images shown 

in the following sections. Moreover, cemented particles form an interlocked mass which promotes 

dilation (Saxena et al. 1988). The dilative behavior was suppressed by confinement, so less dilation 

occurred for a given cementation level as the confining stress increased. 

The effect of cementation was more pronounced on the shear behavior of specimens at the lowest 

effective confining stress. As the confinement increased, the influence of bio-cementation in 

increasing the shear strength became less significant (Table 4). The improvement ratio in Table 4 

is defined as the ratio between shear strength after treatment to that of uncemented sand at the 

same confinement. The strain softening behavior of the moderately and heavily cemented 

specimens became less distinct at 400 kPa of confinement compared to the lower confinements. 

Similar trends have been observed in artificially cemented sand (Asghari et al. 2003; Wang and 

Leung 2008). Generally, four factors contribute to shear strength of cemented sand: friction, 

dilatancy, particle crushing, and interparticle cementation (Lee and Seed 1967; Mitchell and Soga 

2005). The magnitude of friction and dilation components are both functions of the normal stress 

acting on particles while the magnitude of the cementation component is not affected by the 

effective stress. In other words, the contribution of interparticle friction in shear strength becomes 

greater as the effective confinement increases meanwhile the cohesion contribution remains 

constant. Therefore, at low confinements, the cohesion component may be greater than the 
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frictional component depending on the cementation level and friction angle, while at higher 

confinements the frictional component becomes predominant, and cohesion is a small fraction of 

shear strength. Moreover, particles can more easily roll over each other at low confinement, 

promoting dilation, and consequently, increasing shear strength (Omidvar et al. 2012). These 

results imply that MICP can potentially be an effective method to improve soil properties for near-

surface earth structures such as embankment slopes where the interparticle cementation and 

dilation components can dramatically increase the shear strength. 

3.3.3. MICP Effect on the Different Sands 

Comparing the response of the three sands after bio-cementation was one of the main objectives 

of this study. For the untreated specimens, Nevada and Ottawa 50-70 sands exhibited a slightly 

higher strength compared to Ottawa 20-30 which is attributable to the higher coefficient of 

uniformity and particle angularity, and also lower sphericity of particles in these two sands. These 

results are in agreement with reported results in other studies (Arulmoli et al. 1992; Feng and 

Montoya 2015; Lin et al. 2015). As discussed previously, shear strength, qmax, did not significantly 

change for the lightly cemented specimens: the shear strength of the sands remained almost the 

same as for the untreated specimens. The difference in strength between the three sands at 

moderate and heavy cementation levels was minimal although the CaCO3 content varied widely. 

The results indicate that shear strength improvement was more significant for Ottawa 20-30 sand 

than for Ottawa 50-70 and Nevada sands at moderate and heavy cementation levels (Table 4). 

Taking into account total particle surface area and the number of particle contacts for each 

specimen, this observation can be explained. On one hand, the number of particle contacts in a soil 

mass increases by decreasing the particle size so that 𝑁𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∝ 1 𝑅3⁄ , where R is particle 
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diameter (Ismail et al. 2002b). In addition, if it is assumed that all particles are ideal spheres (for 

simplicity in the discussion), then the total particle surface area is also inversely proportional to 

particle diameter. This means that the number of particle contacts and total particle surface area 

were the lowest in the Ottawa 20-30 sand specimens and highest in the Nevada sand specimens. 

Assuming that the amount of calcium carbonate at each particle contact is approximately equal to 

the total mass of calcium carbonate divided by the total number of particle contacts in the 

specimen, it can be concluded that the amount of precipitated CaCO3 at contact points is possibly 

less for Nevada sand particles compared to Ottawa 20-30 particles because Nevada sand has a 

significantly higher number of particle contacts per unit volume. On the other hand, less CaCO3 is 

needed at contacts to bind particles as the particle size decreases (Cheng et al. 2013). Indeed, as 

the size of sand grains changes, number of particle contacts, the amount of precipitated CaCO3 at 

contacts, and the required CaCO3 to bind particles changes which results in different values of 

improvement ratio for any given cementation level. 

SEM images were used to observe the MICP-treated sand at the different levels of cementation 

(Figure 4). Figure 4 (a)-(i) are with a magnification of 100x, and Figure 4 (j)-(l) are with a 

magnification of 1000x. SEM images revealed that at moderate and heavy cementation levels, 

Ottawa 20-30 particles were more coated by CaCO3 compared to Ottawa 50-70 and Nevada sands 

which is due to the larger particle size, and consequently, lower specific surface area of Ottawa 

20-30 compared to the two other sands. Heavily cemented particles of Ottawa 20-30 were observed 

to be entirely coated while Ottawa 50-70 sand particles were partly coated. Isolated CaCO3 

particles were observed in Nevada sand even in the heavily cemented sample. In all three sands, 

particles became more coated and CaCO3 bonds became thicker as the cementation level increased. 

Also, only a small amount of CaCO3 was observed in lightly cemented samples. Since calcium 
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carbonate particles can be observed on the particle surfaces at all levels, and some particles are 

bound to each other even at a light level of cementation (Figure 4 (a)-(c)), it can be concluded that 

precipitation initially occurs both at particle contacts and on the particle surface. As the 

cementation level increases, bonds at contacts becomes thicker and more precipitation occurs on 

the particle surfaces (DeJong et al. 2006, 2010). 

The shear strength is enhanced due to increased particle roughness and interparticle bonding for 

all three types of sands, based on the precipitation patterns observed in the SEM images (Figure 

4). With increasing levels of cementation, interparticle bonding becomes significantly stronger and 

particle surfaces become rougher, resulting in both increased cohesion and friction and thus, 

overall shear strength. 

SEM images with a higher magnification (1000x) also were taken to visually identify probable 

differences in the crystal shape and structure of precipitated CaCO3 in the three sand at heavy 

cementation level (Figures 4 (j)-(l)). The red frames in Figures 4 (g)–(i) locate where the higher 

magnification images were taken. Rhombohedral polymorph crystals were the primary form of 

CaCO3 in the samples which visually indicates that calcite is the predominant mineral phase (van 

Paassen 2009). 

To identify the elemental composition of treated sands, EDS analysis was conducted. EDS analysis 

for a heavily cemented sample of Nevada sand is demonstrated in Figure 5. Results verified the 

presence of calcium which corroborates the precipitation of CaCO3. Also as it was expected, silica 

was detected on sand particles. Similar results were obtained for other cementation levels and sand 

types. 
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3.3.4. Failure Envelope 

Accurate estimates of the shear strength of MICP-sand are vital for different situations such as 

slope stability and ground improvement projects. A well-accepted model to estimate the shear 

strength, as well as effective stress strength parameters (c' and ϕ'), is the linear Mohr-Coulomb 

model. In this model, the failure envelope is assumed to be linear meaning that friction angle is 

not affected by effective stress acting to the shear surface. It has been shown, however, that a linear 

envelope might overestimate the shear strength, more specifically the cohesion intercept, at low 

confinements if the failure envelope is fitted to data obtained from relatively large confinements 

(Bishop et al. 1965; Lambe and Whitman 1969; Lefebvre 1981; Maksimovic 1989; and Jiang et 

al. 2003). This issue can be obviated by developing a failure envelope fitted to data acquired from 

an unconfined compressive test or a triaxial test conducted at low confinement; however, such a 

failure envelope overestimates the shear strength at relatively larger stresses. Therefore, a more 

accurate estimation can be achieved by using a bilinear failure envelope (Wan et al. 1990; Nouri 

et al. 2006). 

Using a bilinear failure envelope yields two sets of values for shear strength parameters in two 

different range of stresses. Further accuracy can be achieved by developing a nonlinear model in 

which shear strength can be estimated by defining parameters to characterize a failure envelope. 

In this paper, the linear, bilinear, and nonlinear failure envelopes were used to estimate the shear 

strength of MICP-treated sand. 

The linear peak failure envelope was developed by fitting a line to the Mohr’s circles at peak shear 

strength measured in triaxial tests at different levels of cementation for initial isotropic effective 

stresses of 10 kPa, 100 kPa, and 400 kPa. Table 5 shows the Mohr-Coulomb strength parameters, 
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cohesion and friction angle (c' and ϕ'), for the linear failure envelopes. In the bilinear failure 

envelope, shear strength parameters were calculated for two ranges of confinement. The first one 

for initial mean effective stress varying from 10 kPa to 100 kPa, and the second one for initial 

mean effective stress varying from 100 kPa to 400 kPa. It should be noted that 100 kPa was not 

considered as a transition point after which the behavior of soil profoundly changes. The target 

was to estimate the cohesion value in a more accurate manner than estimating it using the linear 

failure envelope. The obtained values are tabulated in Tables 6 and 7. It should be noted that the 

presented c' and ϕ' values for the ranges of confinements reflect a cohesion intercept and 

corresponding friction angle that results in a reliable value for the shear strength for a given range 

of confinement and should not be considered individually. In other words, the cohesion value 

estimated by the envelope for the first range (10 to 100 kPa) cannot be used along with the friction 

angle estimated by the envelope for the second range (100 to 400 kPa) to predict the shear strength. 

Similar to the linear failure envelopes, the bilinear envelopes were fitted to the Mohr’s circles at 

peak strength obtained from triaxial tests at 10 kPa, 100 kPa, and 400 kPa initial isotropic effective 

stress. 

As a third approach to develop failure envelopes for MICP-treated sands, a nonlinear power law 

model in the form of τ = 𝑃𝑎 𝐴 (
σ

𝑃𝑎
+ 𝑇)

𝑛

 was employed. In this equation, τ is the shear strength, 

A, T, and n are constants, and σ is normal stress. The n value shows how behavior is affected by 

confinement (curvature index), and the two other parameters determine the shear strength. The 

power model failure envelope has been used to estimate shear strength of weakly cemented sand 

(Sharma et al. 2010), clay (Maksimovic 1989), compacted rockfill (DeMello 1977), and dune sand 

(Baker 2004). The parameters in the equation were determined by fitting the experimental results. 
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An iterative process including a nonlinear least square curve fitting tool in MATLAB was used by 

following the same procedure taken by Baker (2004) and summarized briefly below. 

The normal and shear stresses on failure plane at failure (𝜏𝑓𝑓 and 𝜎𝑓𝑓
′  ) were calculated by using 

the minor and major principal stresses (𝜎3𝑓
′  and 𝜎1𝑓

′ ) acquired from triaxial tests at the different 

confining stresses: 

 

 𝜏𝑓𝑓  =  ( 
𝜎1𝑓

′ −𝜎3𝑓
′

2
)  cos (𝜙′) (2) 

 𝜎𝑓𝑓
′  =  ( 

𝜎1𝑓
′ +𝜎3𝑓

′

2
) − ( 

𝜎1𝑓
′ −𝜎3𝑓

′

2
)  sin (𝜙′) (3) 

 

The normal and shear stresses on failure plane at failure (𝜏𝑓𝑓 and 𝜎𝑓𝑓
′ ) are the function of an 

unknown friction angle (𝜙′) at first. The friction angle was assumed to be 32o (equal to the friction 

angle of untreated sand) for the first iteration (in subsequent iteration, 𝜙′ was calculated using 

equation (4) which defines 𝜙′ based on the point of tangency with the failure envelope). Then the 

values of 𝜏𝑓𝑓 and 𝜎𝑓𝑓
′  were calculated accordingly. Knowing 𝜏𝑓𝑓 and 𝜎𝑓𝑓

′  values and using the 

nonlinear least square curve fitting tool in MATLAB, the fitting parameters (A, n, and T) were 

estimated. The parameters were subjected to the following constraints to satisfy the general 

nonlinear Mohr failure envelope requirements and logical condition: 

𝐴 > 0, 0.5 < 𝑛 ≤ 1, and 𝑇 ≥ max  { 𝑇0, 0} 
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Where T0 is the T value obtained for a sand at the immediate lower cementation level (e.g. T0 for 

Ottawa 20-30 at moderate level of cementation is equal to T for Ottawa 20-30 at a light level of 

cementation). 

A new value for the friction angle (𝜙′) in equations 2 and 3 for each step was determined by: 

 tan(𝜙𝑡
′)  =  

𝐴𝑛

(
𝜎

𝑃𝑎
+𝑇)

(1−𝑛)   (4) 

The iteration was performed until the difference between calculated friction angles in two 

successive iterations was less than 0.0001°. Table 8 presents the nonlinear strength parameters for 

the three types of sands at various levels of cementation by taking the aforementioned steps. R2 

values were greater than 0.99 for the fitted curves. The results show that the A and T values increase 

while the n value decreases (i.e., the curvature of the failure envelope increases) as cementation 

level becomes higher. The same trend for the A and T parameters were reported by Sharma et al. 

(2011). The residual strength was not significantly affected by the confinement so that the n value 

was close to unity in most cases.  

Figure 6 shows extended linear, bilinear, and nonlinear peak failure envelope for Ottawa 20-30 

sand at a moderate level of cementation. The failure envelopes are best fits with the experimental 

data obtained from moderately cemented specimens sheared under 10 kPa, 70 kPa, 100 kPa, 200 

kPa, and 400 kPa of initial mean effective stress. The accuracy of extension was not verified for 

MICP-sand in this study; however, the applicability of extended nonlinear power law model 

envelope was confirmed by Sharma et al. (2010) for cemented sands. Figure 6 highlights the 

difference between the predicted shear strength using a linear, bilinear, and nonlinear relation, with 

emphasis at small confining stresses. At first glance, a significant deviation between the predicted 
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shear strength is not immediately obvious; however, Figure 6(b) clearly shows that the linear 

envelope overestimates the shear strength by up to a factor of two compared to the estimated 

cohesion value using the nonlinear envelope. The estimated cohesion values using linear, bilinear, 

and nonlinear failure envelopes are 26, 12, and 13 kPa, respectively. The results demonstrate the 

importance of using bilinear or nonlinear failure envelope for small confinements. In addition, the 

failure envelopes were extrapolated to stresses larger than the normal stresses at failure for the test 

consolidated under 400 kPa of mean effective stress. According to results, the extrapolated part of 

nonlinear failure envelope predicts a lower value for shear strength compared to the extrapolated 

linear and bilinear envelopes. 

3.3.5. Shear Wave Velocity during Shearing 

To evaluate cementation degradation in MICP-sands, shear wave velocity was measured during 

shearing. The variation of Vs versus axial strain for MICP-sands at light, moderate, heavy 

cementation levels at a confining stress of 100 kPa are illustrated in Figure 7(a). Generally, two 

factors affect shear wave velocity during shearing. The first is cementation degradation, and the 

second is variation of mean effective stress. To isolate the effect of cementation degradation, 

Figure 7(b) was developed (following Montoya and DeJong 2015) which shows the variation of 

normalized shear modulus over the square root of mean effective stress versus axial strain. 

According to Figure 7(a), the effect of these three factors counterbalance each other at small strains 

(less than 0.3% axial strain) so that the measured shear wave velocities remained almost constant. 

After that, cementation degrades at a faster rate with respect to axial strain due to the increasing 

axial load, normal stress, and shear stress at particle contacts, which can be observed in Figure 

7(b). Hence, shear wave velocity begins to decrease just before the onset of failure. 
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Results also show that shear wave velocity at large axial strains (about 10%) for high cementation 

levels is greater than that of lower cementation levels which is partly due to the formation of 

narrower shear band and less breakage of bonding. In addition, the shear wave velocity for the 

lightly cemented specimens at large axial strains was almost similar to that of uncemented 

specimens which means the majority of CaCO3 bonds were broken in the lightly cemented 

specimens. This is in accordance with the global failure mode that happened for the lightly 

cemented specimens. Based on the difference between the recorded shear wave velocities of 

heavily cemented specimens of Nevada and Ottawa 20-30 sands at large axial strains (about 10%) 

in Figure 7, and knowing that Vs of sand within the shear band is similar to that of loose sand, and 

Vs outside the shear band remains intact at large strains (Feng et al. 2017; Montoya and DeJong 

2015), the shear band thickness is estimated to be 13 mm and 8 mm for Ottawa 20-30 and Nevada 

sands at a heavy level of cementation, respectively.  Please note that the shear wave velocity of 

Ottawa 20-30 sand was higher than Nevada sand before shear, however, at 10% strain the shear 

wave velocity of Nevada sand was higher (Figure 7). 

3.3.6. CaCO3 Distribution 

The CaCO3 content distribution of Ottawa 20-30, Ottawa 50-70, and Nevada sand are shown in 

Figures 8 (a), (b), and (c), respectively. Lightly, moderately, and heavily cemented levels are 

delineated as different segmented areas in these figures. The results indicate that Nevada sand 

needs the highest and Ottawa 20-30 sand needs the lowest amount of CaCO3 to reach a given 

cementation level and shear wave velocity. For instance, the heavily cemented specimens of 

Ottawa 20-30, Ottawa 50-70, and Nevada sand had an average CaCO3 of about 3.5%, 5%, and 7%, 

respectively. The general trend implies that more precipitation occurred at the bottom of the 

specimens compared to middle and top sections, although the flow direction of cementation 
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solution was alternatively changed from the bottom to the top and the top to the bottom of the 

specimens during the treatment. The non-uniform distribution of calcium carbonate may have 

some effects on the shear response of the specimens. Possible impacts can be evaluated in a 

numerical study to simulate the shear response of different specimens with varying levels of non-

uniformity to analyze the possible effects on, e.g., formation of shear bands and their development 

throughout a specimen. 

Post-failure specimens are presented in Figure 9. The moderately cemented specimens are shown 

in Figures 9 (a), (b), and (c), and the heavily cemented specimens are shown in Figs 9 (d), (e), and 

(f). All these specimens were treated and sheared at 100 kPa of confining stress. The untreated and 

lightly cemented specimens showed the bulging type of failure, with no visible differences 

observed between the failure modes of the lightly cemented and uncemented specimens. At 

moderate and heavy levels of cementation, the shear band emerged; however, the shear band was 

more defined and concentrated in Nevada and Ottawa 50-70 specimens. Generally, shear band 

thickness depends on particle size and as the particle size decreases, the shear band becomes 

narrower (Desrues and Ando 2015; Frost et al. 2004). In addition, shear bands across the entire 

specimens were observed for Nevada and Ottawa 50-70 sands compared to Ottawa 20-30; this 

may be attributed to the higher degree of homogeneity in these two sands compared to Ottawa 20-

30, as reflected by the mass of calcium carbonate coefficient of variation. Coefficient of variation 

for each specimen (shown in Table 2) describes the extent of variability of carbonate content, and 

it generally has higher values for Ottawa 20-30 specimens than other specimens. It appears the 

variation has a governing role in the development of the localization; for example, the 2% 

difference in CaCO3 content throughout the Nevada and Ottawa 50-70 sand specimens did not 

influence the shear band in the heavily cemented specimens, while about 1% difference between 
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CaCO3 at the top and bottom of heavily cemented specimen of Ottawa 20-30 clearly influenced 

the shear band properties. The diagonally crossing shear bands in the Ottawa 20-30 specimens 

were extended out from the top to the middle of the specimens while the shear bands crossed the 

entire length of the Nevada sand specimens.  

3.4. Conclusions 

The shear response of three sands (Ottawa 20-30, Ottawa 50-70, and Nevada sand) cemented using 

MICP was evaluated by performing isotropically consolidated drained triaxial compression tests 

on specimens with an initial relative density of approximately 40% under initial mean effective 

stresses of 10 kPa, 100 kPa, and 400 kPa. The results confirm that MICP is an applicable method 

for coarse, medium, and fine sands. Specimens were treated to reach light, moderate, and heavy 

levels of cementation. Comparing the measured shear wave velocities during treatment showed 

that shear wave velocity started to increase later in Nevada sand compared to the two other types 

of sand. To reach a given cementation level, Ottawa 20-30, Ottawa 50-70, and Nevada sand, 

respectively, need increasingly more precipitated carbonate. Untreated and lightly cemented 

specimens exhibited strain-hardening behavior with a slight difference in the shear strength. 

However, E50 increased for the all MICP-treated specimens relative to their untreated counterparts. 

Shear strength increased as the cementation increased, but the amount of improvement in shear 

strength was shown to depend on the confining stress and sand type. The effect of cementation on 

enhancing the shear strength was shown to be more pronounced for the lower confining stresses 

than higher confining stresses. Since linear failure envelopes overestimate shear strength at low 

confining stresses, bilinear and nonlinear models were used to estimate shear strength for each 

sand at the three cementation levels considered. Based on SEM images, surface roughening due to 

CaCO3 precipitation was recognized to be a significant contributor for the enhanced shear strength 
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of MICP-cemented sand; however, interparticle cementation markedly improves the shear strength 

of heavily cemented specimens, especially for Ottawa 20-30. Post-failure evaluation of the 

specimens indicated that the localizations that occurred in the Ottawa 20-30 specimens were 

sensitive to the variability of the precipitated calcite; however, the shear bands in Ottawa 50-70 

and Nevada sand specimens localized consistently across the entire specimen. 
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Table 3. 1. Physical properties of quartz sands 

Sand  Ottawa 20-30 Ottawa 50-70 Nevada 

D50 0.72 mm 0.22 mm 0.12 mm 

Cu 1.17 1.4 1.7 

Cc 1.02 0.9 1.24 

Gs 2.65 2.65 2.65 

emin 0.50 0.55 0.56 

emax 0.74 0.87 0.86 

Shape Round Round Subangular 

 

  



48 
 

Table 3. 2. Characteristics of specimens 
 

  

San

d  

Dr  

(%) 

Confining 

Pressure 

(kPa) 

Cementation 

Level 

(Vs)initia

l (m/s) 

(Vs)final 

(m/s) 

Number 

of 

Injections 

CaCO3 

Content (%)   

(Avg. ± SD) 

Coeff. 

Of 

Variation 

(%) 

O
tt

aw
a 

2
0

-3
0

 

39 10 Lightly 134 201 6 0.42±0.11 26% 

38 100 Lightly 207 333 5 0.67±0.30 45% 

38 400 Lightly 305 385 5 0.88±0.31 35% 

39 10 Moderately 134 484 12 1.49±0.27 18% 

37 100 Moderately 215 703 10 1.99±0.44 22% 

36 400 Moderately 321 950 14 1.84±0.48 26% 

42 10 Heavily 130 1015 27 4.20±0.46 11% 

39 100 Heavily 215 1102 25 2.60±0.48 18% 

37 400 Heavily 276 1167 29 3.54±1.06 30% 

O
tt

aw
a 

5
0
-7

0
 

40 10 Lightly 122 195 6 0.63±0.12 19% 

45 100 Lightly 227 320 7 0.88±0.35 40% 

43 400 Lightly N/A N/A 10 1.39±0.33 24% 

39 10 Moderately 138 583 15 2.63±0.39 15% 

36 100 Moderately 225 640 13 2.48±0.27 11% 

36 400 Moderately 326 864 13 2.16±0.23 11% 

36 10 Heavily 137 843 35 6.70±0.63 9% 

38 100 Heavily 205 1081 30 6.10±0.87 14% 

36 400 Heavily 298 1093 35 6.36±0.51 8% 

N
ev

ad
a 

40 10 Lightly 103 221 10 1.20±0.23 19% 

38 100 Lightly 201 316 11 1.40±0.37 26% 

36 400 Lightly 302 414 11 1.10±0.09 8% 

37 10 Moderately 100 438 31 4.30±0.96 22% 

42 100 Moderately 218 603 32 4.30±0.61 14% 

36 400 Moderately 311 665 31 3.70±0.37 10% 

39 10 Heavily 110 778 40 9.14±0.96 11% 

39 100 Heavily 214 936 46 8.68±0.74 9% 

36 400 Heavily 302 1014 40 9.02±0.66 7% 
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Table 3. 3. Secant modulus at 50% of peak strength (E50) for the specimens (Units MPa) 

 

  

Untreated Lightly Cemented 
Moderately 

Cemented 

Heavily 

Cemented 

10* 
100

* 

400

* 
10* 

100

* 

400

* 
10* 

100

* 

400

* 
10* 

100

* 

400

* 

Ottawa 20-30 25 30 81 39 64 92 42 101 179 78 172 227 

Ottawa 50-70 16 28 98 23 111 147 50 112 204 39 144 169 

Nevada 11 18 49 21 42 67 49 125 140 78 131 158 

* Isotropic pressure during treatment and just before starting shear, in kPa  
 

 

 

 

 

 

Table 3. 4. Shear strength improvement ratio for the MICP specimens 
 

  Lightly Cemented Moderately Cemented Heavily Cemented 

  10* 100* 400* 10* 100* 400* 10* 100* 400* 

Ottawa 20-30 1.0 1.1 1.0 3.5 1.7 1.4 17.3 4.8 2.4 

Ottawa 50-70 1.0 1.1 1.0 2.8 1.7 1.2 16.5 3.7 1.9 

Nevada 1.1 1.2 1.1 2.7 1.6 1.2 12.7 4.3 1.9 

* Isotropic pressure during treatment and just before starting shear, in kPa  
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Table 3. 5. Calculated peak shear strength parameters using linear failure envelope 
 

Cementation 

Level 
Untreated 

Lightly 

Cemented 

Moderately 

Cemented 

Heavily 

Cemented 

Friction Angle (Degree) 

Ottawa 20-30 31 30 35 41 

Ottawa 50-70 32 33 36 39 

Nevada 33 33 34 38 

Cohesion (kPa) 

Ottawa 20-30 0 7 26 109 

Ottawa 50-70 0 0 20 108 

Nevada 0 8 25 126 

 

 

 

 

 

Table 3. 6. Calculated residual shear strength parameters using bilinear failure envelope 
 

Cementation 

Level 
Untreated Lightly Cemented 

Moderately 

Cemented 

Heavily 

Cemented 

Friction Angle (Degree) 

Confining 

Pressure 

Range 

10 to 

100 

kPa 

100 to 

400 kPa 

10 to 

100 kPa 

100 to 

400 kPa 

10 to 

100 kPa 

100 to 400 

kPa 

10 to 

100 kPa 

100 to 

400 kPa 

Ottawa 20-30 32 30 34 29 36 32 38 41 

Ottawa 50-70 33 32 35 32 34 33 39 N/A 

Nevada 34 33 37 32 37 34 41 32 

Cohesion (kPa) 

Ottawa 20-30 0 7 0 19 2 13 13 0 

Ottawa 50-70 0 2 0 9 3 8 12 N/A 

Nevada 0 7 0 21 0 11 6 50 
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Table 3. 7. Calculated peak shear strength parameters using bilinear failure envelope 
 

Cementation 

Level 
Lightly Cemented 

Moderately 

Cemented 
Heavily Cemented 

Friction Angle (Degree) 

Confining 

Pressure Range 

10 to 

100 kPa 

100  to 

400 kPa 

10 to 

100 kPa 

100 to 

400 kPa 

10 to 100 

kPa 

100 to 400 

kPa 

Ottawa 20-30 - - 40 34 51 37 

Ottawa 50-70 - - 40 35 48 36 

Nevada - - 39 - 49 34 

Cohesion (kPa) 

Ottawa 20-30 - - 12 28 56 190 

Ottawa 50-70 - - 9 36 60 163 

Nevada - - 9 - 65 203 

 

 

Table 3. 8. Nonlinear strength parameters 
 

 

 

    Peak  Residual 

Cementation 

Level 
Sand Type A T n Cohesion A T n Cohesion 

Untreated 

Ottawa 20-30 0.60 0.00 0.98 0.0 0.60 0.00 0.98 0.0 

Ottawa 50-70 0.63 0.00 0.99 0.0 0.63 0.00 0.99 0.0 

Nevada 0.69 0.00 0.97 0.0 0.69 0.00 0.97 0.0 

Lightly 

Ottawa 20-30 0.68 0.00 0.91 0.0 0.68 0.00 0.91 0.0 

Ottawa 50-70 0.65 0.00 0.99 0.0 0.65 0.00 0.99 0.0 

Nevada 0.78 0.00 0.91 0.0 0.78 0.00 0.91 0.0 

Moderately 

Ottawa 20-30 0.83 0.14 0.91 14.0 0.77 0.00 0.91 0.0 

Ottawa 50-70 0.95 0.02 0.87 3.7 0.70 0.02 0.97 1.6 

Nevada 0.94 0.01 0.84 2.1 0.77 0.00 0.95 0.0 

Heavily 

Ottawa 20-30 1.81 0.14 0.70 46.2 0.89 0.02 1.00 1.5 

Ottawa 50-70 1.79 0.07 0.68 29.6 N/A N/A N/A N/A 

Nevada  2.01 0.01 0.63 11.1 0.95 0.00 0.89 0.0 
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Figure 3. 1. (a) Angularity and (b) sphericity of sand particles 
 

 

 

 

 

 

 



53 
 

 

 

Figure 3. 2. Shear wave velocity improvement for MICP-cemented specimens under 100 kPa of 

isotropic confining stress 
 



54 
 

 

Figure 3. 3. Stress-strain and volumetric behavior of sands at the different levels and confining 

pressure 
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Figure 3. 4. (a to i) SEM images of Ottawa 20-30, Ottawa 50-70, and Nevada sands particles 

cemented heavily, moderately, and lightly at a magnification of 100x (heavily, 

moderately, and lightly cementation levels are shown by H, M, and L, respectively on 

the corner each image); and (j to l) SEM images of heavily cemented samples with a 

magnification of 1000x 
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Figure 3. 5. (a) SEM images; (b), (c) EDS analyses of a heavily cemented sand 
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Figure 3. 6. Comparison between linear, bilinear, and nonlinear failure envelope at (a) a wide 

range of normal stresses; (b) at low normal stresses 
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Figure 3. 7. Variation of (a) shear wave velocity; (b) normalized shear modulus during shearing 
 

  

 

 70; (c) Nevada sand-30; (b) Ottawa 50-content distribution: (a) Ottawa 20 3CaCO. 83.  Figure

(L, M, and H represent lightly, moderately, and heavily cementation level, 

respectively) 
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Figure 3. 9. Post-failure specimens (a) Ottawa 20-30, moderately; (b) Ottawa 50-70 moderately; 

(c) Nevada, moderately; (d) Ottawa 20-30, heavily; (e) Ottawa 50-70 heavily; (f) 

Nevada, heavily. 
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Chapter 4: Shear Response of MICP-treated Sand under Varying Stress Paths 

This chapter is proposed to be submitted for publication as: 

 

Ashkan Nafisi, Brina M. Montoya (2019). "Shear response of MICP-treated sand under varying 

stress paths", Acta Geotechnica. 
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Abstract 

Bio-mediated techniques have the potential to be an eco-friendly and sustainable solution for 

engineering problems in the presence of unfavorable soil condition, soil susceptible to erosion, and 

fly ash material. In microbial induced carbonate precipitation (MICP), calcium carbonate is the 

byproduct of a series of biological and chemical reactions in the soil media. Although the shear 

response of MICP-treated sands with different calcium carbonate content has been extensively 

investigated, the behavior of this material subjected to varying stress paths with different levels of 

cementation and particle sizes is still unknown. In this study, the material behavior of MICP-

treated sands under axisymmetric compression, radial extension, constant p', and constant q stress 

paths at moderate and heavy level of cementation is evaluated by conducting drained triaxial tests 

on specimens with relative density of about 40%. Shear wave velocity was measured during the 

course of treatment and shearing to monitor cementation and degradation processes. In addition, 

the effect of stress relaxation and compression after bio-treatment on shear response is evaluated. 

A previously proposed nonlinear failure envelope for MICP-treated sands is also verified by 

comparing the shear and normal stresses at failure with those predicted by the nonlinear failure. 

Keywords: Bio-cementation, MICP, shear response, stress path, cementation degradation, 

nonlinear failure envelope    
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4.1. Introduction 

The idea of using bio-mediated techniques as an eco-friendly ground improvement technique was 

first proposed by DeJong et al. (2006). Since then, several studies have been conducted to evaluate 

the behavior of sands cemented through biologically based methods such as microbial induced 

carbonate precipitation (MICP) and enzyme induced carbonate precipitation (EICP). In these 

techniques, the pH of the soil media increases due to biological activities, which facilitates 

precipitation of calcium carbonate in the presence of calcium ions. Precipitation of carbonate leads 

to the binding and roughening of sand particles (DeJong et al. 2010). It has been shown at the 

element scale that shear strength, stiffness, volumetric behavior, compressibility, leaching 

behavior, and erodibility are improved via the MICP process (Van Paassen et al. 2010; Qabany 

and Soga 2013; Montoya and DeJong 2015; Gomez et al. 2017; Montoya et al. 2018; Safavizadeh 

2017; Zamani and Montoya 2018; Cheng et al. 2019). The final goal, however, is to upscale 

biomediated techniques, which requires a deep understanding of behavior of bio-cemented sands 

under varying parameters such as cementation level, confining pressure, stress path, loading 

condition, and particle shape and size. Conducting laboratory tests to analyze the effect of the 

aforementioned parameters could be time consuming and expensive. Therefore, several attempts 

have been made to develop and calibrate numerical models based on a limited number of 

experiments. Using these models, the behavior of bio-cemented soil can be simulated, which is a 

vital step toward upscaling biomediated soil improvement technique. 

Gai and Sánchez (2018) proposed a mechanical constitutive model, and they concluded that stress 

path affects shear response and material properties of of MICP-treated sands. Feng et al. (2017) 

used 3-D discrete element method (DEM) simulations to investigate the shear and volumetric 

behavior of MICP-cemented sand at moderate and heavy levels of cementation. The model was 
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able to capture the peak shear strength of MICP-treated sand; however, the residual strength was 

not predicted accurately. Using parallel bonds (Potyondy and Cundall 2004) at particle contacts 

and disregarding the generation of calcium carbonate fines after bond failure was the main 

limitation of the model, which made the prediction of post-failure behavior inaccurate. Evans et 

al. (2014) proposed a new bonding approach to attempt to overcome some of these limitations. 

Khoubani et al. (2018) and Nafisi et al. (2018) performed a series of discrete element method 

(DEM) simulations on assemblies of particles that differ in grain shape and size to explore the 

effect of sand particle size and shape on the shear response. Although these attempts have been 

made to simulate the behavior of MICP-treated sand, there is still a lack of knowledge in 

developing a more capable model in which shear response and material behavior can be captured 

for varying types of sand, stress paths, and cementation levels. 

In the study presented herein, a series of drained triaxial tests under varying stress paths and 

cementation levels are performed. The specimens were subjected to four stress paths: Axisymetric 

compression, radial extension, constant p', and constant q. These results can be used in calibrating 

a DEM model for a subset of stress paths and then used to predict response to other load 

geometries. In addition, a previously proposed nonlinear failure envelope is verified by comparing 

the shear and normal stresses at failure for tests under the varying stress paths with those predicted 

by the failure envelope. The effect of changing the confining pressure during bio-treatment and 

shearing is also evaluated to identify how cementation crushing and degradation affects the shear 

response. 
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4.2. Experimental Procedure and Results 

A total of 32 drained triaxial tests at three levels of cementation under four different stress paths 

were performed to evaluate the behavior of MICP-cemented sand. The experimental procedure 

and results are presented in this section.  

4.3. Materials and Methods 

4.3.1. Sand Properties & Sample Preparation 

Three types of quartz sand were used in this study to consider a range of particle sizes and 

shapes: Ottawa 20-30, Ottawa 50-70, and Nevada sands (Table 1). 

Triaxial specimens were prepared by dry pluviation method to a relative density in the range of 

36% to 44%. The height and diameter of specimens were nominally 144 mm and 72 mm, 

respectively.  Volume changes during treatment and consolidation were measured and found to be 

negligible (< 1%). 

4.3.2. Bio-cementation Process 

Biological treatment was done by using Sporosarcina pasteurii bacterium, prepared by employing 

the method described in Mortensen et al. (2011). The final optical density (OD600) of a solution 

containing the bacteria was between 0.8 to 1.2. A two-phase injection method was used for 

treatments. The treatment process was initiated by injecting a biological solution (containing the 

bacteria) with a retention time of 4 to 6 hours followed by injecting two pore volumes of 

cementation solution. The chemical recipes for biological and cementation solutions are presented 

in Table 2. Cementation treatments were repeated in 6-6-12 h interval, and the direction of 

injection was alternately changed from top to bottom and bottom to top to improve the uniformity 

of calcium carbonate distribution. Before injecting the cementation solution at each step, 100 ml 
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of a solution containing 333 mM of urea was injected to prevent immediate precipitation of 

calcium carbonate (CaCO3) near the injection points. Flow rate for all treatments was 10 ml/min. 

The number of injections varied depending upon the target level of cementation and soil type. For 

cases in which shear wave velocity of a specimen did not increase after one injection (along with 

dropping pH to from 9 to 7.5), a bio-dosing method was used to increase the activity of bacteria 

inside the specimen (Martinez 2012). All specimens were treated in the same temperature (about 

22oC) to prevent any possible temprature effects on the precipitation process and bacteria activity 

(Sun et al. 2019).   

4.3.3. Saturation and Shear Phases 

After the completion of treatment, the specimens were flushed with ten pore volumes of deaired 

water to wash out air bubbles and chemicals in the specimens. After washing the specimens, back 

pressure was applied to reach a minimum B-value of 0.95. The specimens were sheared under four 

different stress paths: axial compression, radial extension, constant mean effective stress (𝑝′ =

(𝜎′1 + 2𝜎′3) 3⁄ ), and constant deviatoric stress (𝑞=𝜎1 − 𝜎3). These stress paths were selected to 

represent various loading conditions which occur in practice, such as the behavior of a soil element 

underneath a shallow foundation or adjacent to an excavation. For axial compression, the 

specimens were sheared at a rate of 2.5% of axial strain per hour. Radial extension tests were 

conducted by reducing 𝜎′3 and increasing the axial load in such a way that 𝜎′1 remained constant 

during shear. For constant 𝑝′ tests, 𝜎′3 was reduced while 𝜎′1 was increased during shear. Finally, 

for constant 𝑞 tests, 𝜎′3 and 𝜎′1 were both reduced in such a way that 𝑞 remained constant. The 

constant 𝑞 tests were started by shearing under axial compression load path with the rate of 2.5% 

axial strain per hour. After reaching 𝑞 = 100 𝑘𝑃𝑎 (for untreated and moderately) and 𝑞 =

200 𝑘𝑃𝑎 (for the heavily cemented specimen), the 𝑞 value was maintained constant by reducing 
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𝜎′3 and keeping the applied load constant. In constant 𝑝′ and 𝑞 tests, 𝜎′3 was set to decrease at a 

rate of 1 kPa/min. 

4.3.4. Experimental Design 

Two series of drained triaxial tests were conducted on a total of 32 specimens. The first set of tests 

(containing 28 tests) was conducted on all three types of sand sheared under the four different 

stress paths to evaluate the effect of stress path on the behavior. The second set (containing four 

tests) was performed on moderately cemented specimens of Ottawa 50-70 subjected to 

axisymmetric compression. These four tests were conducted in order to investigate the effect of 

changing the confining stress as the bio-cementation is being precipitated and the confining stress 

during shearing. Table 3 presents the list of tests performed. Test names were chosen based on 

cementation level (Uncemented, Moderately, Heavily), stress path (C for axisymmetric 

compression, E for radial extension, P for constant p', and Q for constant q), curing stress (10, 100, 

or 400 kPa), and confining stress during shearing (10, 100, or 400 kPa). For instance, MC10400 

presents a moderately cemented specimen shear under axisymmetric compression loading path, 

treated at 10 kPa and sheared under 400 kPa of confinement. 

Shear wave velocity (Vs) was measured through a pair of bender elements embedded in the top and 

bottom acrylic caps in the triaxial cell to monitor the process of cementation. For the tests treated 

under 100 kPa of effective confinement, treatment was continued until reaching desired shear wave 

velocities, which was about 650 m/s for moderate and 1100 m/s for heavy levels of cementation. 

For tests treated under confinements other than 100 kPa, desired Vs was calculated based on the 

dependency of Vs on the applied confinement at different levels of cementation (Montoya et al. 

2013; Nafisi and Montoya 2018a). The Vs presented in Table 3 are rounded to the nearest 5 m/s. 
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4.3.5. Mass of CaCO3  

The specimens were evenly divided into six sections along the height after the completion of 

shearing. The six samples were put in a 110°C oven for 24 hours. The dried samples were then 

washed with 1 M HCl and then returned to the 110oC oven for 24 hours. The CaCO3 content (CCC) 

for each section was determined by measuring the difference in mass before and after acid washing. 

4.4. Results 

4.4.1. Shear Response under Varying Stress Paths 

Drained triaxial tests were performed to investigate the shear response of MICP-treated sand under varying 

loading paths at moderate and heavy levels of cementation. For reference, untreated specimens of the three 

sands were subjected to drained triaxial tests. Shear wave velocity for untreated sands was between 210 m/s 

to 230 m/s (Table 3). Tables 4 and 5 show the stress ratio at failure (q/p')failure for untreated and moderately 

cemented specimens. The stress ratio at failure for the untreated specimens were almost the same for all 

stress paths. However, this ratio for moderately cemented specimens was widely different depends on the 

stress path (it is as low as 1.65 for axial compression load path whereas it is about 2.5 for radial extension 

stress path). The dependency of stress ratio at failure on stress path indicates that the failure envelope for 

MICP-cemented sand is not linear. The nonlinearity of the failure envelop for MICP-treated sand has been 

investigated by Nafisi et al. (2019) and was verified with the results obtained in this study. 

The shear responses of untreated, moderately, and heavily cemented specimens of Ottawa 50-70 sand are 

illustrated in Figure 1. Cemented specimens are stiffer after treatment and the shear strength is increased in 

all stress paths. In addition, more dilative behavior was observed with increasing cementation level. As 

mentioned previously, 𝜎′
3 was decreasing constantly during shear in constant 𝑝′, constant 𝑞, and radial 

extension tests, so there was a chance that a specimen not fail as 𝜎′3 approaches to zero. This happened for 

Ottawa 50-70 in which  heavily cemented specimens did not fail under radial extension, constant 𝑞, and 
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constant 𝑝′ stress paths by the point where 𝜎′3 = 0.  Hence, these three tests were terminated at very low 

axial strains in Figures 1(h) and (i).   

Shear response of moderately cemented specimens subjected to each stress path are illustrated in 

Figure 2. The test results indicate that failure happens at lower axial strains for specimens subjected 

to radial extension. Axial strain at failure is less than 0.2% for radial extension tests whereas the 

axial strain is about 0.5% to 1% for axial compression tests. Indeed, behavior is more ductile as 

the mean effective stress (p') at failure increases. Volumetric behaviors also follow the same trend 

in which dilative behavior increases for all cemented specimens as the mean effective stress 

decreases during shear (Figure 2(d)-(f)).  

Shear wave velocity was also measured during shearing to monitor cementation degradation 

(Figures 2(j) to (l)). Decrease in the shear wave velocity begins at lower axial strain for radial 

extension and constant q loading paths. Specimen subjected to axial compression and constant p’ 

loading paths exhibited a higher shear wave velocity at large axial strain. The differences in 

evolution of shear wave velocity can be attributed to the changes in mean effective stress (p') 

during shearing. In fact, the reduction of p' and cementation degradation both cause the shear wave 

velocity to diminish, whereas p' increases or remains constant for axial compression and constant 

p' loading paths. Therefore, cementation degradation is counterbalanced by the increasing p' under 

axial compression and constant p' stress paths. To separate out the effect of p' on shear wave 

velocity, normalized shear modulus is calculated based on the measured shear wave velocities, 

density of the specimens, and p' at any specific point. Results indicate that cementation degradation 

occurs with an almost similar rate for all loading paths and sand types (Figure 2(m)-(o)).  
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Comparing the shear responses of the different types of sands (Figure 3), suggests that the behavior 

is not under influence of the sand properties as long as the final shear wave velocities are in an 

appropriate range (Nafisi and Montoya 2018a), although carbonate content varies significantly. 

More discussion about carbonate content is provided in the following. 

To verify the accuracy of the nonlinear failure envelope proposed by Nafisi et al. (2019) specially 

at low range of normal stresses, shear and normal stresses at failure for the tests subjected to radial 

extension, constant p', and constant q stress paths were plotted and compared with the nonlinear 

failure envelope (Figure 4). The shear and normal stresses on failure plane at failure were 

calculated through an iterative process and based on the triaxial data (principle stresses for each 

test). To find 𝜎𝑓𝑓
′  and 𝜏𝑓𝑓

   the following equations were used: 

 

𝜏𝑓𝑓  =  ( 
𝜎1𝑓

′ − 𝜎3𝑓
′

2
)  cos (𝜙′) 

𝜎𝑓𝑓
′  =  ( 

𝜎1𝑓
′ + 𝜎3𝑓

′

2
) −  ( 

𝜎1𝑓
′ − 𝜎3𝑓

′

2
)  sin (𝜙′) 

 

𝜎3𝑓
′  and 𝜎1𝑓

′  are the minor and major principal stresses acquired from triaxial tests. Assuming a 

value for friction angle (𝜙′) for first trial, the normal stress on failure plane at failure was 

calculated. Then the following equation was used to estimate the friction angle at failure for the 

normal stress: 

tan(𝜙𝑡
′)  =  

𝐴𝑛

(
𝜎𝑓𝑓

𝑃𝑎
+ 𝑇)

(1−𝑛)
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In this equation, A, n, and T are the shear strength parameters that were developed for each level 

of cementation in chapter 3 (Table 3.8). After calculating 𝜙𝑡
′ , shear and normal stresses were again 

calculated and this iteration was repeated until the difference between friction angle in two 

successive iterations became less than 0.01.  

The comparison indicates that the failure envelope can accurately predict the shear strength of 

MICP-treated sands regardless of the stress path and. Note that the nonlinear failure envelope was 

proposed based on tests subjected to axisymmetric compression stress path and under 10, 100 , 

and 400 kPa of mean effective confinement.  

Figure 5 shows Ottawa 50-70 specimens subjected to the different stress paths after failure. Clear 

shear bands were formed for all moderately and heavily cemented specimens. Since the  specimen 

subjected to a constant q loading path failed at a lower axial strain compared to the other stress 

paths, the shear band was not fully developed throughout the height of the specimen (Figure 5(c)). 

The same mode of failure was observed for specimens of the other two type of sands. All of the 

untreated specimens exhibited diffuse bulging failure without the manifestation of a well-defined 

region of strain localization. 

Post treatment CCC was calculated for the specimens by using acid washing technique. Calcium 

carbonate distributions for the specimens are illustrated in Figure 6. Results show that more 

calcium carbonate is needed for Nevada sand compared to Ottawa sands to reach the moderate 

level of cementation, which is in agreement with previous studies (Nafisi et al., 2019).  
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4.4.2. Changing in Confining Stress 

Four tests were carried out on moderately cemented specimens to assess the effect of changing the 

confining stress as the bio-cementation is being precipitated (i.e., curing stress) and the confining 

stress during shearing. This issue is important because if the confining stress is decreased after 

curing (e.g., an excavation), there will be relaxation at the particle contacts and potential 

degradation of cementation. On the other hand, if there is an increase in confinement after curing 

(e.g., building-induced stresses), there may be crushing of the cementation at the particle contacts, 

also leading to cementation degradation. Ning et al. (2017) evaluated the effect of load-

cementation history on small-strain stiffness by simulating the behavior of cemented sands, loaded 

before cementation or cemented before loading. The results showed that small-strain stiffness 

(shear wave velocity) was mainly affected by cementation level and not load-cementation history. 

The cementation degradation due to changing the confining stress after treatment is not significant 

for heavily cemented sands considering the independency of shear wave velocity on confining 

stress (Nafisi and Montoya 2018a).  

Tests 30 and 31 (MC40010 and MC1010) were performed to evaluate cementation degradation 

due to relaxation while Tests 29 and 32 (MC10400 and MC400400) were carried out to assess 

cementation degradation because of the crushing of bonds at particle contacts. The results are 

presented in Figure 6. The confining pressure at which the specimens were treated and sheared are 

denoted in each graph by presenting the test name. Results indicate that changing the confining 

stress damages the bonds resulting in the reduction of elastic modulus. For reference, the shear 

responses of untreated Ottawa 50-70 sand consolidated and initially sheared under 10 and 400 kPa 

effective confining stresses are shown in Figure 6. Although cementation degradation happened 

due to stress relief or compression in tests 29 and 30, a higher peak shear strength, elastic modulus, 
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and dilation was measured compared to untreated sand. The results indicate that the peak shear 

strength is not remarkably affected by cementation degradation. The residual strength, however, 

was significantly affected by stress relief as shown in Figure 6(a). It’s hypothesized that strong 

bonds, which govern the peak strength, were remained intact due to stress changes, whereas weak 

bonds governing the residual strength were damaged due to stress relief. Note that compressive 

strength of cemented sand is much higher than its tensile strength (Das et al. 1995). Therefore, the 

difference between the residual strength of Tests 29 and 32 was not as much as it was for Tests 30 

and 31.  

Calcium carbonate distribution of the specimens shows that mass of precipitated calcium carbonate 

was almost similar in all the specimens (Figure 8). In addition, shear band was developed after 

failure for these four tests similar to what is presented in Figure 5(a) with not a remarkable 

difference. 

4.5. Conclusion 

Drained triaxial test was conducted on uncemented, moderately, and heavily cemented specimens 

of three type of sands to investigate the shear response of MICP-treated sands under varying stress 

paths. All moderately cemented specimens exhibited similar shear strength under the stress paths 

after reaching to the desired shear wave velocity, regardless of their calcium carbonate contents. 

The shear strength was improved in all four stress paths, and the heavy cemented specimens did 

not fail under constant q, constant p, and radial extension stress paths. Failure happened at lower 

axial strains under radial extension stress path compared to constant p and axisymmetric 

compression stress paths. The accuracy of a proposed nonlinear failure envelope was verified by 

comparing the shear and normal stresses at failure for the tests under different stress paths with 
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those predicted by the failure envelope. Cementation degradation was observed in moderately 

cemented specimens due to stress changes in confining pressure after treating the specimens; 

however, the behavior was still improved compared to untreated sand.  
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Table 4. 1. Physical properties of sands 

Sand Ottawa 20-30 Ottawa 50-70 Nevada 

D50(mm) 0.72 0.22 0.12 

Cu 1.17 1.40 1.70 

Cc 1.02 0.90 1.24 

Gs 2.65 2.65 2.65 

emin 0.50 0.55 0.56 

emax 0.74 0.87 0.86 

 

Table 4. 2. Chemical recipes 
 

Chemical 
Biological 

solution (mM) 

Cementation 

solution (mM) 

Urea 333 333 

NH4Cl 374 374 

CaCl2 - 100 

 

 

Table 4. 3. Tests characteristics 

  Test No. Test Name Sand Type 
(𝑉𝑠)𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∗  
(m/s) 

(𝑉𝑠)𝑓𝑖𝑛𝑎𝑙
∗  

(m/s) 

S
tr

es
s 

P
at

h
 

1,2,3 UC100100 All the three sands (230, 230, 215) - 

4,5,6 UE100100 All the three sands (210, 215, 210) - 

7,8,9 UP100100 All the three sands (215, 210, 210) - 

10,11,12 UQ100100 All the three sands (210, 215, 210) - 

13,14,15 MC100100 All the three sands (215, 225, 220) (705, 640, 605) 

16,17,18 ME100100 All the three sands (215, 210, 225) (710, 640, 650) 

19,20,21 MP100100 All the three sands (220, 225, 205) (640, 690, 640) 

22,23,24 MQ100100 All the three sands (220, 225, 205) (620, 685, 665) 

25 HC100100 Ottawa 50-70 205 1080 

26 HE100100 Ottawa 50-70 210 920 

27 HP100100 Ottawa 50-70 215 1045 

28 HQ100100 Ottawa 50-70 215 1020 

C
h

an
g

in
g

 

co
n

fi
n

in
g

 

st
re

ss
 

29 MC10400 Ottawa 50-70 145 845 

30 MC40010 Ottawa 50-70 315 560 

31 MC1010 Ottawa 50-70 140 580 

32 MC400400 Ottawa 50-70 325 860 
* First, second, and third numbers show the Vs for Ottawa 20-30, Ottawa 50-70, and Nevada sand, 

respectively in each row. 
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Table 4. 4. (q/p) failure for untreated sand 

  Stress path 

Sand Type C P Q E 

Ottawa 20-30 1.23 1.14 1.15 1.33 

Ottawa 50-70 1.31 1.16 1.22 1.31 

Nevada 1.27 1.30 1.28 1.28 

 

Table 4. 5. (q/p) failure for moderately cemented sand 

  Stress path 

Sand Type C P Q E 

Ottawa 20-30 1.66 2.00 2.23 2.65 

Ottawa 50-70 1.71 2.33 2.28 2.57 

Nevada 1.65 2.29 2.44 2.53 
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Figure 4. 1. Shear response of Ottawa 50-70 sand for (a), (b), (c) untreated sand; (d), (e), and (f) 

moderately ; and (g), (h), (i) (j), and (k)  heavily cemented specimens 
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Figure 4. 2. Shear responses of moderately cemented specimen subjected to varying loading 

paths 
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Figure 4. 3. Comparing the behavior of the sands at moderate level of cementation subjected to 

varying stress paths 
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Figure 4. 4. Verification of the nonlinear failure envelope 

 

 

 
Figure 4. 5. Post failure specimen of Ottawa 50-70 at moderate level of cementation subjected to 

(a) axial compression; (b) constant p'; (c) constant q; and (d) radial extension loading 

path 
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Figure 4. 6. Calcium carbonate distribution for conducted tests under varying stress paths (a) 

Ottawa 20-30; (b) Ottawa 50-70; and (c) Nevada sand 
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Figure 4. 7. Shear response of moderately cemented specimens of Ottawa 50-70 (a), (c): sheared 

under 10 kPa; and (b), (d): sheared under 400 kPa of confining pressure 
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Figure 4. 8. Calcium carbonate distribution for Tests MC10400, MC40010, MC1010, and 

MC400400 
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Chapter 5: The Effect of Grain Size and Shape on Mechanical Behavior of MICP Sands 

This chapter was previously published as: 

Nafisi, A., Khoubani, A., Montoya, B. M., and Evans, M. T. (2018). “The effect of grain size and 

shape on mechanical behavior of MICP sand I: Experimental study.” Proceedings of 

International Symposium on Bio-mediated and Bio-inspired Geotechnics, Atlanta (in press). 
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Abstract 

Microbial induced calcium carbonate precipitation (MICP) is a novel ground improvement 

technique. In this method, urea is hydrolyzed by ureolytic bacteria, which in turn facilitates the 

precipitation of calcium carbonate. It has been shown that MICP can improve engineering 

properties of sand by making particle surfaces rougher and bonding particles to each other. 

However, the amount of improvement varies based on the various shapes and sizes of the particles. 

The number of contact points, calcium carbonate distribution, and precipitation pattern may 

change as the morphology of particles change.  The effect of particle size and shape have been 

evaluated using numerical and experimental data in a collaborative research study. The 

experimental results are presented in this paper. A set of tests have been conducted on specimens 

with the same size of particles but varying shapes. Another set of tests were performed on sand 

particles with the same shape while particle sizes are different. All treated specimens were at 

moderate level of cementation. The effect of size is evaluated by conducting two tests on Ottawa 

20-30 sand. The particle size in the first specimen was within the range of 0.60 mm to 0.71 mm, 

and for the second specimen the particle distribution was between 0.85 mm and 1 mm. The effect 

of particle shape is examined by comparing the behavior of two specimens with the same grain 

size but different shapes. The results of the triaxial tests performed on MICP treated specimens 

indicate that shear strength increases as the particle angularity increases and particle size decreases. 

Scanning electron microscopy (SEM) was also performed to assess the change in MICP minerals 

with changes in particle size and shape. These findings are important to calibrate and develop a 

numerical solution to predict MICP-sand behavior. The nuances of the effect of particle shape and 

size of MICP treated sand is further evaluated using discrete element method modeling in a 

companion paper. 
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5.1. Introduction 

Microbial induced calcium carbonate precipitation (MICP) has drawn significant attention as a 

novel ground improvement technique in recent decades.  In this method, urea hydrolyzing bacteria, 

such as Sporosarcina pasteurii, are used to initiate a series of chemical reactions to facilitate the 

precipitation of calcium carbonate (CaCO3) by increasing the alkalinity of pore fluid in soil. The 

precipitated CaCO3 connects soil grains to each other and makes particle surfaces rougher. As a 

result, shear strength and volumetric behavior improve remarkably (DeJong et al. 2006). Results 

showed that even small amount of precipitation in loose sand can change contractive behavior to 

dilative (Feng and Montoya 2015). This transition is crucially important for saturated sands 

susceptible to liquefaction. Indeed, liquefaction may be prevented cost-effectively by small 

amount of calcite precipitation through this method.  

Prior to employing this technique in the field, significant particle properties should be identified 

and investigated thoroughly on the bench scale. Particle size and shape play integral roles in the 

behavior of uncemented as well as bio-cemented sands. The influence of these two factors on 

uncemented and non-biocemented sands (e.g. cemented by gypsum or Portland cement) have been 

extensively evaluated. Casagrande showed that particle size does not change the shear strength of 

sands as long as the void ratio is the same (Means and Parcher 1963). Alshibli and Alsaleh found 

that the dilatancy angle increases with increasing particle size and angularity (Alshibli and Alsaleh 

2004). Cho et al. (Cho et al. 2007) and Lade et al. (Lade et al. 1996) discuss that the probability of 

imperfections and particle breakage in particles larger than 0.4 mm is higher than that of small 

particles which affect the volumetric behavior of sands. Regarding angularity, the coordination 

number is reported to be higher in soils with more angular particles resulting in an increase of the 
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friction angle (Mitchell, J. K., & Soga 2005). Rowe reported that the degree of maximum 

interlocking is higher for more angular particles (Rowe 1962).  

Investigation of the effect of grain size on four types of sands cemented by sodium silicate grout 

indicated that higher strengths were obtained for finer grained sands (Baxter et al. 1989). Also 

results obtained from unconfined compressive tests on two size of glass beads (2 mm and 5 mm) 

cemented artificially through a calcite in-situ precipitation system (CIPS) showed that unconfined 

compressive strength for smaller glass beads are 30% higher than that of larger beads (Ismail et al. 

2002b).  Even though there are some similarities between artificially cemented sands and MICP-

cemented sands, the effect of various parameters on the behaviors can be different because of the 

different mechanisms in which soil is improved (Evans et al. 2014b). The behavior of MICP-

cemented sands with various shapes and sizes has not been evaluated yet.   

This paper experimentally examined the impact of particle size and shape on MICP-cemented 

sands by comparing the behavior of three moderately cemented specimens consisting of sand 

particles with specifically different shapes and sizes. Findings herein give valuable insights into 

developing discrete element models which is elaborated in the companion paper (Khoubani et al. 

2018). 

5.2. Materials and Methods 

5.2.1. Sand Properties 

Two types of silica sands were used in this study. Medium blasting sand was used to represent 

angular particles and Ottawa 20-30 to represent round particles. Angularity and sphericity of 150 

particles per each sand were identified using aggregate image measurement system (AIMS). The 
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obtained results are shown in Figures 1 (a) and (b). The indices for categorizing particles are 

illustrated in a more qualitative manner in Figures 1 (c) and (d). Sand characteristics are tabulated 

in Table 1. The three sands evaluated in the study were named according to their general angularity 

(i.e., angular or round) and relative particle size (i.e., coarse or fine). Please note that the terms 

“coarse” and “fine” are relative and not indicative of a soil classification system. Actual particle 

size is shown in Table 1. SEM images taken from the sands particles with a magnification of 50 

are shown in Figure 2.  

5.2.2. Experimental Design 

Six tests were conducted in total: three on moderately cemented sands and three on uncemented 

sands. The moderately cemented specimens were compared pair by pair. A pair of them was 

designed to compare the effect of angularity, and the other pair was designed to compare size 

effect. Test No.1 was performed on angular particles with diameters varying between 0.85 mm to 

1 mm. Test No.2 and 3 were conducted on round particles with diameters of 0.85 mm to 1 mm, 

and 0.6 mm to 0.7 mm, respectively.  Test names were chosen based on the cementation level 

(Moderately or Untreated), particle shape (Angular or Round), and particle size (Coarse or Fine). 

Table 2 shows tests characteristics, initial void ratio, initial shear wave velocity, and final shear 

wave velocity of the specimens after treatment. The shear wave velocities are rounded up to the 

nearest ten.  

5.2.3. Sample Preparation 

The target void ratio was set at 0.67 for all specimens. The dry pluviation method was used to 

prepare triaxial specimens. After pouring sand into the mold, 100 kPa vacuum was applied to the 

top and bottom of the specimen and dimensions were measured. The measured height and diameter 
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were 143 2 mm and 731 mm, respectively. After filling up the triaxial cell, the cell pressure was 

increased gradually while the vacuum was released so that effective stress remained constant 

during preparation procedure. The specimens’ volume did not change during the treatment process.  

5.2.4. Biological Treatment Process   

In this study, ureolytic bacteria (Sporosarcina pasteurii) was used. To culture the bacteria, the 

growth medium consisted of: 0.13 mol l-1 Tris buffer, 10 g l-1 (NH4)2 SO4, and 20 g l-1 yeast were 

autoclaved and then mixed together. S. pasteurii stock culture was introduced to the growth 

medium and then incubated aerobically at 30oC and 200 rpm for about 40 hours in a shaking 

incubator. After reaching an optical density (OD600) of 0.8-1.2, cultures were centrifuged at 4000 

g for 15 minutes. Harvested bacteria were stored at 4oC for a maximum of 14 days.  

A two-phase injection method was used for bio-treatment. The bacteria were inoculated to the 

specimen by injecting two pore volumes of biological solution using a perialistic pump at a rate of 

10 ml/min. The specimens were left for 4 to 6 hours to give the bacteria enough time to attach to 

sand particles. Two pore volumes of cementation solution were then injected in 6-6-12 hour 

intervals until they reached desired shear wave velocities. When the effluent pH was less than 8 

and the shear wave velocity did not increase after an injection, bio-dosing technique was used 

(Martinez 2012). All the three specimens were treated side by side and under the exact same 

conditions. Biological and cementation solutions were prepared in single batches to ensure 

biological and injection source properties were matched for all treatments. The direction of 

injection was alternately changed from top to bottom and bottom to top to improve the uniformity 

of CaCO3 distribution. The chemical recipes for the solutions are listed in Table 3. 
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The specimens were flushed with 10 pore volumes of deaired water, and then were back pressure 

saturated to reach a B-value of greater than 0.95. After saturation, specimens were sheared under 

drained condition at a rate of 2.5% axial strain per hour.  

5.2.5. Shear Wave Velocity Measurement 

Shear wave velocity was determined using bender elements sealed in the top and bottom acrylic 

caps in the triaxial set-up. It was directly calculated by measuring the travel time required for a 10-

V, 10-kHz sinus wave to travel over a known distance between bender elements embedded in top 

and bottom acrylic caps. Waves were generated by a function generator model Agilent 33522A and 

were received by a digital oscilloscope model Agilent MSO6014A.  Bender elements were prepared 

by following a special preparation technique proposed by Montoya et al. (2012). 

5.2.6. Mass of CaCO3 

CaCO3 content was determined using a gravimetric acid washing method. After being sheared, the 

specimens were divided into six sections along the length. Each section was washed by 1 M HCl. 

The mass of CaCO3 was calculated by measuring the difference between oven-dried mass of the 

soil sample before and after acid washing.  

5.2.7. SEM Images 

A representative sample from each of the tests was evaluated using a Hitachi S3200N Variable 

Pressure Scanning Electron Microscope. The samples were coated with gold/ palladium alloy.  
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5.3. Results and Discussion 

The effect of particle shape was evaluated by performing two triaxial tests on specimens with the 

same size of particles but varying shapes (MAC and MRC tests). The obtained results are 

illustrated in Figure 3. The behavior of the untreated specimens for the two sands (UAC and URC 

tests) are also presented in Figure 3. As expected, the untreated specimen with angular coarse 

particles exhibits higher shear strength and dilation compared to untreated round coarse particles 

(Alshibli and Alsaleh 2004).  Comparing the MAC and the MRC tests, results demonstrate that 

more improvement in shear strength was observed for the angular sand. Shear strength increased 

about 50 % in the MAC test after treatment, and it increased about 35% in MRC test. Also the 

difference in volumetric behavior before and after bio-cementation is more pronounced for MAC 

compared to that of MRC. Based on the responses, cementation was more efficient in increasing 

the shear strength for angular particles which can be attributed to the required mass of CaCO3 

needed to bond particles having different shapes. Indeed, less CaCO3 is needed in a cone-to-plane 

contact for angular particles versus sphere-to-plane contact for round particles (Goddard 1990). It 

is proposed that interparticle cementation was not strong enough to have a notable contribution to 

the peak shear strength for round coarse particles while it had a contribution for angular coarse 

particles. Therefore, shear response was probably improved primarily because of increasing 

surface roughness in the MRC test, and it was improved due to both interparticle cementation and 

increasing surface roughness in MAC test.  

To evaluate the effect of particle shape, two drained triaxial tests were conducted on moderately 

cemented specimens (MRC and MRF) and two tests on untreated specimen (URC and URF). The 

shear responses are shown in Figure 4. The shear strength of the untreated sands were similar to 

each other, which is expected according to Casagrande’s study (Means and Parcher 1963). 
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However, the increase in shear strength due to cementation almost doubled in the MRF test 

compared to a 35% of increase in the MRC test. Additionally, more dilation was observed for the 

MRF test compared to MRC test, while the reverse was observed for the untreated specimens. Two 

issues needs to be taken into consideration here. First, the number of particle contacts in the 

specimens which results in the available mass of CaCO3 at every single particle contact. Secondly, 

the efficiency of cemented bonds in increasing the shear strength which may depend on the ratio 

between the amount of CaCO3 at any given particle contact and the contact area. The number of 

contacts are higher in MRF specimen compared to MRC (Ismail et al. 2002b). Since the mass of 

CaCO3 was almost similar in both specimens, the amount of CaCO3 at a particle contact is expected 

to be greater for the coarse assemblage (MRC). However, larger CaCO3 is also needed to bond 

coarser particles compared to that of fine particles. The obtained results indicate that the efficiency 

of CaCO3 bond is higher for the finer sand (MRF test) even though a lesser CaCO3 is expected to 

be precipitated at any given particle contact. This conclusion may not hold true for a condition in 

which the ratio between coarse and fine particles diameter is higher than the ratio in this study. 

Similar to the comparison made between MAC and MRC tests, it is proposed that shear response 

was improved mainly due to increase in particle surface roughness in MRC test while shear 

response was improved due to interparticle cementation and increasing surface roughness in MRF 

test. 

Analyzing the shear response of the cemented specimens may suggest that cohesion value had a 

non-zero value in MAC and MRF tests, while negligible for the MRC test. Friction angle, however, 

was increased in all three tests. The occurrence of the peak shear strength in MAC and MRF tests 

marks the contribution of interparticle cementation in increasing the shear strength.  
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The measured initial tangent moduli (Ei) are equal to 146 MPa, 141 MPa, and 152 MPa for MAC, 

MRC, and MRF tests, respectively. The similarities in the numerical values of Ei and the final 

shear wave velocities in the moderately cemented specimens indicates that CaCO3 at particle 

contacts made the sand stiffer at small strains even if it did not significantly increase the shear 

strength for the MRC test. The Ei values for the untreated specimens are about 50 MPa, 38 MPa, 

and 48 MPa for UAC, URC, and URF tests, respectively. Comparing the Ei of untreated and 

moderately cemented specimens shows that the ratios of improvement are almost similar for the 

three conditions, even though the improvement ratio of shear strength had different values in each 

case.   

CaCO3 distribution along the specimens are shown in Figure 5 (a). The average mass of CaCO3 is 

shown as mc in the figure. The highest and lowest amount of CaCO3 was precipitated at the bottom 

and top of the specimens, respectively, with a decreasing trend of CaCO3 mass from the bottom to 

the top. Post-failure images of the specimens are also illustrated in Figures 5 (b), (c), and (d). Since 

the uniformity of CaCO3 distribution is mainly attributed to the distribution of bacteria throughout 

a sample (Barkouki et al. 2011), it was expected to have a more uniform specimen as the particle 

size increases which consequently makes pore throats wider. Contrary to the expectation, the 

uniformity was not improved compared to those reported for finer sands such as Ottawa 50-70 

with D50 of 0.22 mm (Feng and Montoya 2015). One hypothesis is that the colloidal CaCO3 at very 

beginning stages of precipitation could settle down (Van Paassen 2009), and become stiff in the 

bottom half of the specimens. This scenario is more likely to happen in coarse sands in which void 

throats are wide enough to let the colloidal CaCO3 move relatively easier in between the particles 

compared to fine sands. It should be noted that mass of CaCO3 was greater at the bottom of the 

specimens, although the injection direction was alternatively changed in the course of treatment. 
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Further research is needed to evaluate the possible effects of particle size and void throat on CaCO3 

distribution.    

Comparing the mass of CaCO3 in the specimens, the CaCO3 mass is higher in MRF test after the 

same number of injections for the specimens. It indicates that a greater number of bacteria was 

retained in the specimen compared to the specimens in MRC and MAC tests due to filtration.  

Taken SEM images are shown in Figure 6. Images in the first row have the same magnification 

(X70). The main focus in these images was on particle contacts. The contact area for coarse round 

particles is greater compared to the two other types of sands. Since particle size and grain size 

distribution affect the properties of precipitated crystals in MICP-sands (Foppen, J.W.A. & 

Schijven 2005; Van Paassen 2009), SEM images with higher magnification (X2000) were taken 

to identify the crystal shape and size. The rhomboidal crystals in the images are an indication that 

calcite was the dominant crystal precipitated during the bio-treatment (Van Paassen 2009). Based 

on the observation, particle size and shape did not significantly affect crystal properties. This, 

however, does not deny the effect of these parameters on crystal properties in a condition that the 

range of particle size is wider than the range in this study.  

5.4. Conclusion 

The effect of particle size and shape on MICP-sand has been evaluated by performing drained 

triaxial test on moderately cemented specimens. The results indicate that particle size and shape 

notably influence the mechanical response.  An increase of 35%, 50%, and more than 100% in 

shear strength is observed for MRC (round coarse particles), MAC (angular coarse particles), and 

MRF (round fine particles) tests, respectively. The contribution of cementation in improving shear 
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strength of MICP-sand becomes greater as the angularity increases and particle size decreases. At 

a moderate level of cementation, improvement is likely due to the increase of cohesion and friction 

angle for fine and angular particles, while the behavior may improve primarily because of increase 

of friction angle for round coarse particles. Initial elastic modulus of moderately cemented sands 

increases regardless of the differences between particle size, shape, and the shear strength. Calcite 

is found to be the dominant precipitated crystal. The experimental results are used to calibrate and 

develop a numerical solution to predict the behavior of MICP-sand.  
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Table 5. 1. Sand characteristics  
      

Sand  Resource  Particle size (mm) Gs Mineralogy 

Angular coarse Medium blasting sand 0.85 < D < 1 2.65 quartz 

Round coarse Ottawa 20-30 0.85 < D < 1 2.65 quartz 

Round fine Ottawa 20-30 0.6 < D < 0.7 2.65 quartz 

 

Table 5. 2. Tests characteristics     
Test 

No. 
Test name Sand type 

Cementation 

level 
e*

initial  
Initial Vs 

(m/s) 

Final Vs
** 

(m/s) 

1 MAC Angular coarse  Moderately 0.67 220 650 

2 MRC Round coarse  Moderately 0.66 230 660 

3 MRF Round fine  Moderately 0.67 210 730 

4 UAC Angular coarse  Untreated 0.69 225 - 

5 URC Round coarse  Untreated 0.66 230 - 

6 URF Round fine  Untreated 0.68 210 - 

* Initial void ratio prior to treatment 
    

** Vs after treatment 
    

 

 

Table 5. 3. Biological and cementation solution 

Chemicals Biological solution (mM) Cementation solution (mM) 

Urea  333 333 

Ammonium Chloride 374 374 

Calcium Chloride 0 100 
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                                   (c)                                                                              (d) 

Figure 5. 1.  (a) Angularity and (b) sphericity of sand particles; qualitative description of (c) 

angularity and (d) sphericity (Figures (c) and (d) are modified from (PINE Instrument 

Co. 2014)) 
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Figure 5. 2. SEM images of sand grains (X50) (a) course angular at left; (b) coarse round at 

middle; (c) fine round at right 

 

 

Figure 5. 3. Shear response of the tests conducted to evaluate the effect of particle shape (a) 

stress-strain behavior; (b) volumetric behavior 
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Figure 5. 4. Shear response of the tests conducted to evaluate the effect of particle size (a) stress-

strain behavior; (b) volumetric behavior 

 

 

 

 

 

 

 

 

  

                                           (a)                                      (b)                                      (c)                                 (d)  

Figure 5. 5.  (a) CaCO3 distribution along the specimens; post failure specimens (b) MAC; (c) 

MRC; (d) MRF tests 
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Figure 5. 6. SEM images (a) MAC at left; (b) MRC at middle; (c) MRF at right 
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Chapter 6: Tensile Strength of Microbial Induced Carbonate Precipitation Sands 

This chapter is submitted as:  

Nafisi, A., Mocelin, D. Montoya, B. M., and Underwood, S. (2019). “Tensile strength of 

microbial induced carbonate precipitation sands” Canadian Geotechnical Journal (under 

review). 
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Abstract 

During large earthquake events, the tensile strength of any soil-cement columns or walls governs 

the critical behavior of cemented sand. Several studies have been conducted to assess the tensile 

strength of artificially cemented sands that use Portland cement or gypsum; however, the tensile 

strength of microbially induced carbonate precipitation (MICP)-treated sands with varying particle 

sizes measured through direct tension test has not been evaluated. MICP is a bio-mediated 

improvement technique, which binds soil particles through carbonate precipitation.  In this study, 

the tensile strength of nine specimens were measured by conducting direct tension tests. Three 

types of sand (coarse, medium, and fine) were cemented to reach a heavy level of cementation. 

The results show that the tensile strength varies between 210 kPa to 710 kPa depending on sand 

type and mass of carbonate. Unconfined compressive strength (UCS) tests were performed for 

each sand type to assess the ratio between tensile and unconfined compressive strengths in MICP-

treated sands. SEM images were used to observe the predominant failure mode at particle contacts 

under tensile loading condition.  

Key words: Bio-cementation, MICP, tensile strength, unconfined compressive strength (UCS) 

6.1. Introduction 

Tensile strength is an important parameter that governs the behavior of cemented sands in some 

special cases. Namikawa et al. (2007) evaluated the dynamic behavior of lattice shaped ground 

improvement in artificially cemented sand through a finite element analysis, and concluded that 

tensile failure happens at the corners of cemented zone. Consoli et al. (2003) showed that improved 

layers of soils start to fail under tensile stresses in soil-cement mixture. Tensile cracks and bending 

tensile failure are reported in soils cemented using deep mixing method (Kitazume and Maruyama 
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2007). Boulanger et al. (2018) numerically simulated centrifuge model tests of an embankment on 

a liquefiable sand layer treated by soil-cement walls, and found that tension cracks were fully 

developed in soil-cement walls during large shaking events.   

Direct tension, bending, and Brazilian (splitting tensile) tests are used to estimate the tensile 

strength of cemented soils (Das et al. 1995; Namikawa and Koseki 2007). In the direct tension test, 

tensile loading is applied to a cylindrical specimen along the axis of symmetry until it fails, and 

then the tensile strength is calculated based on the measured load and the sectional area of the 

specimen. Tensile strength can also be measured by applying a point load at the center of a simply 

supported beam, i.e., in bending. The Brazilian test measures the tensile strength indirectly by 

applying a compressional force along the entire length of the specimen, thus inducing tensile 

stresses in the diametrical direction. Namikawa and Koseki (2007) used analytical simulations of 

the three tensile loading scenarios and compared the simulations with experimental results. They 

found direct tension is the most accurate method among the three approaches to assess the tensile 

strength while the bending test overestimates and the Brazilian test underestimates the tensile 

strength. Dass et al. (1994) compared the tensile strength of Portland cemented sands with cement 

content varying from 4% to 8% through direct tensile and Brazilian tests. They also found that the 

Brazilian test underestimates the tensile strength.    

Several studies have evaluated the tensile strength of artificially and naturally cemented sands. 

Das et al. (1995) measured the tensile strength of a fine-grained sand artificially cemented with 

Type I Portland cement. Brazilian tension tests were conducted to measure tensile strengths of 

about 140 kPa to 300 kPa, depending upon the cement content, which ranged from 4% to 8% by 

weight.   Namikawa et al. (2017) conducted a series of direct tension test on artificially cemented 
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sand under confinements, which ranged from 30 kPa to 500 kPa. It was concluded that tensile 

failure happens at low confinements while shear failure occurs at high confinements.  Tensile 

strength as high as 350 kPa was reported for cemented sand with more than 10% of cement content 

(Consoli et al. 2010). Tensile strength of naturally cemented carbonate sand was assessed varying 

from 50 kPa to 500 kPa, based on the cement content and density of the soil (Airey 1993).   Choi 

et al. (2016) conducted the Brazilian test on fiber reinforced, bio-cemented sands, and found that 

tensile and unconfined strengths increase as the fiber content increases. The tensile strength of 

microbially induced carbonate precipitation (MICP)-treated sands; measured through direct 

tension test in sand types with different particle sizes has not been evaluated. Knowing that the 

behavior of MICP-treated sands and other types of cemented sands (naturally and artificially) are 

not necessarily similar (Ismail et al. 2002), it is essential to measure the tensile strength of MICP-

treated sands in order to have a reliable assessment.  

MICP is a promising improvement technique, which has the potential to improve shear strength, 

stiffness, volumetric behavior, compressibility, and erodibility. In addition, MICP can improve the 

leaching behavior of contaminated soils or coal combustion residual in a more eco-friendly and 

economic manner than conventional techniques (DeJong et al. 2006; Whiffin et al. 2007; Van 

Paassen et al. 2010; Lin et al. 2015; Montoya and DeJong 2015; Montoya et al. 2018; Terzis and 

Laloui 2019; Zamani and Montoya 2019).  In this technique, the pH of the soil media increases 

due to biological activities, which facilitates precipitation of calcium carbonate in the presence of 

calcium ions. Precipitation of carbonate leads to the binding and roughening of sand particles 

(DeJong et al. 2010). The tensile strength is the primary mechanical property that is improved after 

MICP, but the amount of improvement is still unknown. In the study presented herein, the tensile 

behavior of MICP-treated sand is evaluated by conducting nine direct tension tests on three types 
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of sand. Unconfined compressive strength (UCS) was measured for three specimens to assess the 

ratio between tensile strength and UCS.   

6.2. Materials and Methods 

6.2.1. Sand Properties and Sample Preparation 

Properties of the sand types used in this study are tabulated in Table 1. The specimens were treated 

in molds with diameter of 25 mm and height of 75 mm. The specimens were extruded carefully 

from the molds to minimize the disturbance and any potential damage. All specimens had an initial 

relative density of about 40%. After treatment, they were flushed with water to remove residual 

salts and were oven dried 24 hours before the tensile and unconfined compressive strength (UCS) 

measurements.  

6.2.2. Bio-cementation Process  

Biological treatment was performed by using the Sporosarcina pasteurii bacterium, prepared by 

following the method described in Mortensen et al. (2011). The final optical density (OD600) of 

the bacterial suspension was between 0.8 and 1.2. A two-phase injection method was used for 

treatments. The treatment process was initiated by injecting a biological solution (containing the 

bacteria) with a retention time of 4 to 6 hours followed by injecting two pore volumes of 

cementation solution. Table 2 shows the chemical recipes for biological and cementation solutions. 

Before injecting the cementation solution at each step, 0.4 pore volumes of a solution containing 

333 mM of urea was injected to prevent immediate precipitation of carbonate (CaCO3) near the 

injection points. Cementation treatments were repeated in 6-6-12 h intervals. The direction of 

injection was alternately changed from top to bottom and bottom to top to improve the uniformity 

of carbonate distribution. Flow rate was 10 ml/min for all treatments.  
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Since a pH of about 9 indicates that bacteria are actively hydrolyzing urea and a pH of about 7 is 

an indication that the ureolytic activity is less active in the soil, the pH was measured after each 

treatment. For cases in which the pH dropped from 9 to 7, a small amount of bacteria were injected 

to the specimens with cementation solution to increase the activity of bacteria inside the specimen 

(Feng and Montoya 2015; Martinez 2012).  

6.2.3. Cementation Degree 

All of the specimens were treated to reach a heavy level of cementation, which resembles rock 

behavior with normalized shear wave velocity (Vs1) of more than 900 m/s (Montoya and DeJong 

2015). The specimens were treated to a number of treatments depending on the particle size. The 

number of treatments were chosen based on the experience of the authors in reaching to a heavy 

level of cementation for the sand types (Nafisi et al. 2019). Table 3 shows the treatment numbers 

for each specimen. A higher number of treatment (and mass of carbonate) is needed to reach heavy 

level of cementation as the sand particles reduces (Nafisi et al. 2019). Therefore, the Nevada sand 

specimens were treated 40 times whereas the Ottawa 20-30 sand specimens were treated 25 times 

to reach the heavy level of cementation.  

6.2.4. Direct Tension and Unconfined Compression Tests 

Both direct tension and unconfined compressive (UCS) tests were conducted using a MTS 810 

machine that was programmed to apply a constant actuator rate displacement. During the test the 

applied force and actuator displacements were recorded for later analysis. The rate of displacement 

was 0.015 mm/min (equivalent to average specimen strain of 0.02%/min) and 0.15 mm/min 

(equivalent to average specimen strain of 0.2%/min) for tension and UCS tests, respectively. In 

order to account for the machine compliance, a pilot test were carried out by first instrumenting a 
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specimen with surface mounted LVDTs (linear variable differential transformers). Measurements 

of the force, on-specimen displacement, and actuator displacements were used to calibrate the 

machine compliance factors, which were then used on the subsequent tests. 

To perform the tensile tests, the specimens were attached to the machine actuator by gluing the 

specimens ends to metal plates and then attaching the plates to the machine actuator. A gluing jig 

was used to ensure the proper alignment of the specimens and also ensure parallelism of the plates. 

The glue used was a plastic steel putty composite that allowed a fast (5 min) curing period. This 

procedure was also used for the compression tests to ensure homogeneous load distribution on the 

specimen-plate contact. All the specimens were oven-dried for 24 hours before gluing and testing. 

6.2.5. SEM Images 

Scanning electron microscopy (SEM) images were taken from the failure surfaces to find the 

failure mode under tensile load condition using a Hitachi S3200N Variable Pressure Scanning 

Electron Microscope. The samples were coated with gold/ palladium alloy to decrease charging 

during imaging. 

6.2.6. Mass of Carbonate 

Carbonate content was determined using a gravimetric acid washing method. After the completion 

of each test, the specimens were divided into two sections along the length. Each section was 

washed with 1 M HCl. The mass of carbonate was calculated by measuring the difference between 

oven-dried mass of the soil sample before and after acid washing. 
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6.3. Results and Discussion 

Nine direct tension tests were conducted to assess the tensile strength of MICP-treated sand, the 

results of which are illustrated in Figure 1 and tabulated in Table 3. The results show that the 

tensile strength improves significantly in all three sand types, and it increases as the carbonate 

content increases. The measured tensile strengths were within the range of 210 kPa to 710 kPa. 

The axial strain at failure (εf) ranged from 0.02% to 0.04% for the specimens, which is in the same 

range of εf for Portland cemented sands previously reported (Das et al. 1995; Namikawa et al. 

2017). The Nevada-3 specimen showed a lower tensile strength than other specimens. Since the 

carbonate content in this specimen is not remarkably lower than other specimens (Table 3), it is 

speculated that the specimen was damaged either during extrusion or gluing processes. In general, 

the observed variation of tensile strength is dependent on the amount of carbonate mineral 

precipitated in the specimens, as demonstrated in Figure 2. The Ottawa 2030-3 specimen showed 

about 300 kPa lower of the tensile strength compared to the two other Ottawa 20-30 specimens, 

which can be attributed to its lower carbonate content (about 1.5 % lower as shown in Table 3). 

The same trend was observed for the Ottawa 50-70 specimens in which 3.4% difference in the 

average carbonate content resulted in about 340 kPa difference in the tensile strength (Tests No.4 

and 6). Note that the Nevada-3 test is not included in Figure 2 due to the possibility of being 

damaged during extrusion or gluing processes. A more decisive conclusion about the sensitivity 

of tensile strength to carbonate content in these three sand types needs further investigation. The 

precipitated carbonate in the top and bottom sections are also presented in Table 3. The average 

carbonate content varied from 3.8% to 14.4%. Nevada sand specimens have higher carbonate 

contents than the other two sand types due to the higher number of treatments; however, the 

average tensile strength is almost similar for all three sand types. This is consistent with the 
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reported peak shear strength under isotropically consolidated drained compression loading of these 

three sand types with similar cementation levels (Nafisi et al. 2019).  

Although the number of treatments for a given sand type was the same, the precipitated carbonate 

is different which might stem from varying bacteria activity from one batch to another or the 

presence of preferential paths during the course of treatment. These variations highlight the 

imperative of monitoring the cementation process in real time in a non-destructive manner, such 

as measuring the shear wave velocity of the material (e.g., DeJong et al. 2010, Nafisi et al. 2019).  

To observe the mode of failure at micro-scale, scanning electron microscopy (SEM) was used. 

Adhesive (failure at the interface of carbonate and sand particle) and cohesive (failure within the 

carbonate bonds) modes of failure are two possible failure modes at particle contacts (DeJong et 

al. 2010, Montoya and Feng 2015). The predominant failure mode under tension loads was visually 

investigated with the aid of SEM images. Figure 3 illustrates the SEM images taken from specimen 

No. 1 (Ottawa 2030-1). Although any decisive conclusion requires a more in depth study 

(numerically and experimentally), the SEM images give an insight on the mode of failure under 

tensile loads. Based on the observations, adhesive failures (Figure 3(a)) appears to be more likely 

to occur than cohesive failures (Figure 3(b)) at particle contacts under tensile loads. Note that 

smooth and curved surfaces of carbonate near contacts could be indication of adhesive failure 

whether rugged surfaces could be an indication of cohesive failure.  

Unconfined compressive strength (UCS) test was performed to assess the ratio between the tensile 

strength and UCS for MICP-treated sands. The UCS values was approximately 2.5 MPa, 3.0 MPa, 

and 2.6 MPa for Ottawa 20-30, Ottawa 50-70 and Nevada sands, respectively (Figure 4). Similar 

UCS has been reported for MICP-treated sands with the similar ranges of carbonate content 

(Gomez et al. 2014; Van Paassen et al. 2010; Terzis and Laloui 2018). Comparing tensile and 
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compressive behaviors indicates that failure occurs in lower axial strains under tensile loads 

compared to compressive loads (i.e., about an order of magnitude lower). To assess the magnitude 

of the ratio of tensile strength to UCS, tests with similar carbonate contents (No. 1 & 10, No. 4 & 

11, and No. 7 & 12) were considered.  According to the test results, this ratio was 0.25, 0.23, and 

0.19 for Ottawa 20-30, Ottawa 50-70, and Nevada sands, respectively.  

Figure 5 illustrates the typical failure mode of specimens under compressive and tensile loads. The 

location of failure for each specimen under tensile loading condition is presented in Table 3. The 

failure surface was almost perpendicular to the loading direction in all tension tests (similar to 

Figure 5 (b)). 

6.4. Conclusion 

Direct tension and unconfined compressive strength (UCS) tests were conducted on twelve 

specimens to evaluate the tensile behavior of three types of sands (coarse, medium, and fine sands) 

cemented through MICP. The results confirm that MICP is an applicable technique in increasing 

the tensile strength of sands. The fine sand (Nevada sand) required a higher carbonate content than 

medium and coarse sands to reach a similar range of tensile strength. The magnitude of the ratio 

between tensile strength and unconfined compressive strength ranged from 0.19 to 0.25 depending 

upon the particle size. The ratio of the tensile strain at failure to that of unconfined compressive 

strength is about 0.1. Moreover, the specimens after tensile failure showed that the failure surface 

is perpendicular to the applied tensile load direction. Based on SEM images, adhesive failure is 

more likely to occur under tensile loads.  
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Table 6. 1. Physical properties of sands 

Sand Ottawa 20-30 Ottawa 50-70 Nevada 

D50(mm) 0.72 0.22 0.12 

Cu 1.17 1.40 1.70 

Cc 1.02 0.90 1.24 

Gs 2.65 2.65 2.65 

emin 0.50 0.55 0.56 

emax 0.74 0.87 0.86 
 

 

 

Table 6. 2.  Chemical recipes 

Chemical 
Biological 

solution (mM) 

Cementation 

solution (mM) 

Urea 333 333 

NH4Cl 374 374 

CaCl2 - 100 

 

 

Table 6. 3. Characteristics of specimens 

Test 

No. 
Sand  

Loading 

Mode 

Number 

of 

Injectio

ns 

CaCO3 Content 

(%)   (Top, 

Bottom, Avg.) 

Failure 

Location 

 

Strength 

(kPa) 

1 Ottawa 20-30 Tension 25 (4.8, 6.1, 5.5) Top Third 640 

2 Ottawa 20-30 Tension 25 (4.9, 5.6, 5.2) Top Third 600 

3 Ottawa 20-30 Tension 25 (3.2, 4.4, 3.8) Top Third 310 

4 Ottawa 50-70 Tension 30 (9.1, 11.9, 10.5) 
Middle 

Third 710 

5 Ottawa 50-70 Tension 30 (8.4, 7.7, 8.0) 
Middle 

Third 480 

6 Ottawa 50-70 Tension 30 (7.9, 6.4, 7.1) 
Bottom 

Third 370 

7 Nevada Tension 40 (12.9, 14.1, 13.5) 
Middle 

Third 
490 

8 Nevada Tension 40 (15.2, 13.6, 14.4) 
Bottom 

Third 480 

9 Nevada Tension 40 (12.7, 15.5, 14.1) Top Third 210 

10 Ottawa 20-30 Compression 25 (N/A, 6.5, 6.5) Inclined 2500 

11 Ottawa 50-70 Compression 30 (10.2, 11.5, 10.8) Inclined 3040 

12 Nevada Compression 40 (13.7, 14.1, 13.9) Inclined 2600 
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Figure 6. 1. Tensile strength of (a) Ottawa 20-30; (b) Ottawa 50-70; and (c) Nevada sands 

 

 

 

 

 

Figure 6. 2. Variation of tensile strength versus average carbonate content 
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Figure 6. 3. SEM images of specimen No. 1 (a) adhesive failure; (b) cohesive failure at contacts 

 

 

Figure 6. 4. Unconfined compressive strength (UCS) measurements 

 

 

Figure 6. 5. Typical mode of failure under 
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Abstract  

Macro-scale behavior of bio-cemented sands has been investigated in vast number of studies; 

however, not enough efforts has been made to explore the behavior and mechanical properties of 

MICP-treated sands at micro-scale. In this study, first X-ray diffraction along with scanning 

electron microscopy (SEM) were used to determine MICP-calcium carbonate phase. Then 

predominant mode of failure at particle contacts for two cemented sand particles were evaluated 

through conducting surface energy testing. Mechanical and material properties of MICP-calcite, 

which are of importance in developing DEM models were also measured.   

7.1 Introduction 

Microbial induced carbonate precipitation is a potential ground improvement technique which has 

the ability of improving shear strength, shear wave velocity, volumetric behavior, soil leachability,  

and erodibilty (Van Paassen 2009; DeJong et al. 2010; Montoya and DeJong 2015; Terzis et al. 

2016; Safavizadeh 2017; Nafisi and Montoya 2018). The goal is to implement this technique in 

the field; however, there are some hinders such as predicting the behavior of MICP-treated sands 

in large scale for a soil mass using numerical models. Therefore, simulating the behavior of MICP-

treated sand is a vital step toward industrializing this novel technique. Simulating the macroscale 

behavior is not possible without being able of modeling the behavior at micro-scale. Hence, 

capturing the micro-scale responses such as the strength of bonds at particle contacts is of great 

importance. To model the micro-scale behavior some mechanical and material properties (e.g. 

elastic modulus and specific gravity) of MICP-calcite are needed while many of these parameters 

are widely unknown which makes any efforts in modeling the behavior less accurate. Feng et al. 

(2017) used 3-D DEM models with parallel bonding to predict the behavior of bio-cemented sand. 

Parallel bonding in the model does not account for fine particles generated due to crushing of 
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bonds which leads in the underestimation of ultimate shear strength.  Studies in which mechanical 

and material properties of MICP-calcite were investigated are handful. Lin et al. (2014) measured 

the tensile and shear strengths of MICP-calcite by using fiber Bragg grating (FBG) sensors 

connected to pairs of glass beads cemented via MICP technique.Feng surface energy on geologic 

calcite and tensile strength.   

This paper explores the micro-scale behavior of MICP-treated sand in an integrated experimental 

and numerical investigation. In the first part, unknown mechanical properties of MICP-calcite such 

as specific gravity and elastic modulus was found through experimental methods. In addition, the 

predominant mode of failure at particle contacts was determined using surface energy method. 

These properties were then incorporated in the developing a DEM simulations of "Toy" structure 

which is capable of predicting shear, tensile and torsion strength of cemented particles. Finally, 

the predicted values were compared with the strengths reported in other studies.    

7.2 Experimental Methodology and Results 

7.2.1 Biological Process 

Sporosarcina pasteurii was used as urease bacteria in this study. To culture the bacteria, the growth 

medium consisted of: 0.13 mol/l Tris buffer, 10 g/l (NH4)2SO4, and 20 g/l  yeast were autoclaved 

and mixed together (Montoya and DeJong 2015). S. pasteurii stock culture was poured into the 

growth medium, and incubated at 30 oC and 200 rpm for about 40 hours. After reaching the desired 

optical density (OD)600 of 0.8 to 1.2, cultures were centrifuged at 4000 g for 15 minutes. The 

bacterial cultures were mixed with cementation solution with the recipe shown in Table 1. To 

prepare bulk samples of MICP-calcium carbonate, the mixture of bacterial cultures and 

cementation solution was poured into a weighing dish. The solution inside the weighing dish was 
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replaced in 6-6-12 hour interval. The thickness of precipitated calcium carbonate on the bottom of 

the dish gradually increased so that calcium carbonate sheets were formed. The formed sheets were 

detached from the plastic dish and used for the tests in the study. As illustrated in Figure 1, the 

sheets had a smooth surface (side attached to the bottom of dish) and a rough surface (exposed 

side).  

7.2.2 MICP-calcium Carbonate Mineralogy 

Calcite, aroganite, and vaterite are three polymorphs of calcium carbonate crystalline, each of 

which has its own morphology, physical (e.g. density), and chemical (e.g. solubility) properties. 

X-ray diffraction along with scanning electron microscopy (SEM) were used to determine MICP-

calcium carbonate phase. Conducting XRD analysis on precipitated calcium carbonate covering 

sand particles was not possible due to their small size. Therefore, a bulk sample of MICP-calcium 

carbonate was prepared by taking the same method described in biological process section. To 

make sure that the mineralogy and morphology of precipitated calcium carbonate in the soil media 

is the same with that of the bulk samples, SEM images were used. Figure 2 implies that 

morphology of the bulk sample and calcium carbonate on a sand particle are both rhombohedral 

which visually denotes that the mineral type is calcite. To confirm this observation, comparison 

between the diffraction pattern of the bulk sample and calcite (card# 01-085-0849) in 

crystallographic database of the International Center for Diffraction Data (ICDD) is presented in 

Figure 3.  Therefore, calcite is the mineral type of MICP-calcium carbonate obtained by using the 

chemical recipe used in this study. Therefore, the precipitated calcium carbonate in this study is 

referred as MICP-calcite for the following sections.  
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7.2.3 Predominant Mode of Failure 

Failure at bonds can happen through the calcium carbonate phase (cohesive failure) or at the 

interface of silica and calcium carbonate (adhesive failure). The way calcium carbonate binding 

silica fails is vital in the modeling process and its accuracy. Dejong et al. (2010) used a series of 

SEM images, and visually concluded that cohesive failure is more likely to happen by observing 

a layer of calcium carbonate remained on both surfaces of silica sand particles where a particle 

contact once was. In another study, surface energy testing was used to evaluate the failure 

mechanism of bio-cemented bonds (Feng 2015). However, the test was conducted on geologic 

calcite and not precipitated calcium carbonate through MICP technique. The main barrier in 

conducting surface energy testing on a MICP-calcite sample was the rough surface of the material, 

which makes the measurements inaccurate. According to that study, cohesive failure was the 

predominant mode of failure.  

In the study presented herein, the work of cohesion and adhesion of calcite-silica system was 

calculated through surface energy measurements and Young-Dupre' equation (Van Oss et al. 

1988).  Surface energy measurements are currently used to determine the cohesive and adhesive 

characteristics of asphalt binder and asphalt-aggregate systems (Bhasin and Little 2007). 

Generally, the surface energy of a material is defined as the amount of work needed to create a 

unit area of the material, and is calculated by knowing the contact angle between the material 

surface and a drop of probe fluids. To measure the contact angle, sessile drop method was used 

(Koc and Bulut 2014). Three different fluids (water, glycerol, and ethylene glycol) were dropped 

on a silica aggregate plate and a sheet of MICP-calcite (three drops per each fluid and each 

material). The calcite sheets were prepared by taking steps mentioned in biological process section, 

and the smooth surface was used to conduct sessile drop test (Figure 1). 
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The total surface energy (
total ) of any material consist of three component: (1) the van der Waals 

or the dispersive component (
LW ); (2) the Lewis acid component (


); and (3) the Lewis base 

component (


). 

2. .total LW AB LW                                                                                                                  (1) 

These components were calculated for MICP-calcite and silica based on measured contact angles 

and known surface tension parameters of the fluids (Carré 2007).  

Knowing these components, work of cohesion and adhesion between silica and calcite was 

obtained through following equations:  

2.c total

Cal CW                                                                                                                                     (2) 

 2. 2. 2.a LW LW

SiC Si C Si C Si CW                                                                                           (3) 

Table 2 shows the adhesion and cohesion work for MICP-calcite and silica system. According to 

the values, cohesive failure is more likely to happen at the particle contact since (Wc)calcite has the 

least value among (Wc)Silica, (Wa)calcite-silica, and (Wc)calcite.  

7.2.4 Specific Gravity (Gs) 

Specific gravity (Gs) is a property equal to the ratio between the solid density of a material to water 

density (1000 kg/m3). The specific gravity of MICP-calcite is important in finding the void ratio 

of soil after cementation and predicting the behavior using numerical models. For geologic calcite, 

the Gs is well known and has a value of about 2.7 (Ahrens 1995; Matsumoto and Iljima 1981; Teke 

et al. 2002); however, calcite precipitated through biological process may have different properties.  



120 
 

Specific gravity of MICP-calcite can be calculated by measuring the mass and volume of MICP-

calcite pieces. The challenge was obtaining big enough pieces of MICP-calcite so that the 

measurement of the volume and mass becomes possible. To do so, calcite sheets (Figure 4) were 

prepared by taking the steps explained in previous sections. The samples volume was measured 

using gas pycnometer device, and the weight was measured using an analytical weight with the 

accuracy of 0.01 g. Gas displacement method is an accurate method to measure the volume of 

solids using gas pycnometer device and Boyle’s law. In this study, helium pycnometer device 

(AccuPyc II 1340 Series) was used. All samples shown in Figure 4 were put in the sample holder 

of the device, and the volume was measured 10 times. The average measured volume was 1.4799 

cc with the standard deviation of 0.0281 cc. The mass of samples was 4.08 g. Therefore, the 

specific gravity was calculated to be equal to 2.76.   

7.2.5 Elastic Modulus 

Elastic modulus is a measurable mechanical property which helps understand a materials stress-

strain behavior. There are a variety of techniques to measure elastic modulus of materials 

employed in this study. For bulk samples such as those made of grout, conducting unconfined 

compressive test is used to measure the elastic modulus, while nanoindentation is used for 

materials such as MICP-calcite, where preparing bulk samples is not possible. In nanoindentation, 

mechanical characterization of materials are determined by analyzing the measured force versus 

displacement during controlled loading and unloading of a rigid probe with known geometry into 

a material. Reduced elastic modulus (Er) and hardness (H) of materials are the most common 

properties that can be measured through this technique. These values are obtained by the following 

equations, where S is the stiffness of the material measured during the experiment, 𝐴𝑐 is the 

projected area of tip at the contact depth, and 𝑃𝑚𝑎𝑥 is the maximum force applied to a sample.  
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Young's elastic modulus (E) can be estimated by knowing the Poisson ratios of the sample and the 

indenter (υ and υi), and the elastic modulus of the indenter (Ei) by using the following equations:  
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The Poisson ratio of MICP-calcite has not been estimated in any study, however, for geologic 

calcite this parameter has a value of 0.3 (Ghabezloo et al. 2008). Knowing the elastic modulus 

(1141 GPa) and Poisson ratio (0.07) of the diamond indenter, the elastic modulus of MICP-calcite 

can be calculated. 

In preparation for nanoindentation experiments, the calcite sample was super glued 

(cyanoacrylate) to a magnetic puck to fix the sample on the magnetized stage to ensure stability 

during indentation. The calcite sample was also polished with 1200 grit silicon carbide paper, as 

nanoindentation generally requires smooth surfaces free of loose particles or debris.  

The nanoindentation experiment was performed on a Bruker TI980 TriboIndenter using a diamond 

Berkovich tip in a standard (low-load) transducer. The indentation was programmed to reach a 

max load of 5,000 microNewtons, loading up from 0 microNewtons over 20 seconds, a 10 second 

hold at max load, and a 20 second unloading period back to 0 microNewtons. This test condition 
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was performed 5 times in separate areas. The instrument software can automatically calculate 

reduced modulus & hardness and the results are shown in Figure 5. 

7.3 Conclusion 

The focus of this study was to find the behavior of MICP-treated sands at particle contacts and 

material properties of MICP-calcite at micro-scale. First, the mineralogy of calcium carbonate was 

identified using SEM images and XRD test. Calcite was the mineral type of MICP-calcium 

carbonate obtained by using the chemical recipe used in this study. The predominant mode of 

failure at particle contacts is more likely to happen within calcite phase (cohesive failure) based 

on the surface energy measurements. Mechanical properties of MICP-calcite such as specific 

gravity and elastic modulus were calculated through gas pycnometer and nanoindentation tests, 

respectively. According to five conducted nanoindentation tests on a calcite sheet, the elastic 

modulus of MICP-calite is about 53 GPa. The specific gravity was also estimated about 2.76. 

These properties will be incorporated in the developing a DEM simulations of two-particle 

structures which is capable of predicting shear, tensile and torsion strength of cemented particles. 
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Table 7. 1. Chemical recipe of cementation solution   

  Chemical name 
Chemical 

formula 

Concentration 

(mM) 

Cementation 

solution 

Urea NH2-CO-NH2 333 

Ammonium chloride NH4Cl 374 

Calcium chloride dihydrate CaCl2.2H2O 100 

 

 

 

 

Table 7. 2. Work of cohesion and adhesion of MICP-calcite and silica 

Material 
ϒAB 

(mJ/m2) 

ϒLW         

(mJ/m2) 

ϒtotal 

(mJ/m2) 

Wc         

(mJ/m2) 

Wa            

(mJ/m2) 

MICP-calcite 3.1 38.3 41.4 82.8 84.2 

Silica* 6.2 37 43.2 86.4 - 

* Results for Silica are from Feng (2015) 

 

 

 

 

 

Table 7. 3. Young's elastic modulus and hardness of MICP-calcite 

Test No. A (nm2) Pmax (µN) 
Stiffness 

(µN/nm) 
Er (GPa) E (GPa) H (GPa) 

1 1729372.03 4998.33 83.33 56.14 53.71 2.89 

2 2256669.61 4998.39 95.02 56.04 53.61 2.21 

3 2337817.58 4998.41 98.39 57.01 54.59 2.14 

4 3234359.56 4998.46 114.07 56.20 53.77 1.55 

5 2269063.29 4998.40 97.20 57.17 54.75 2.20 

 

 

 

 



125 
 

 

Figure 7. 1. Smooth and rough surfaces of MICP-calcium carbonate 

 

 
  

Figure 7. 2. SEM images of (a) precipitated calcium carbonate on a sand particle; and (b) bulk 

sample 

 

 
 

Figure 7. 3. X-ray diffraction pattern of bulk sample 
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Figure 7. 4.  MICP-calcite sheets used to measure specific gravity 

 

 

 

 

 

 

 

 

 

 

Figure 7. 5. Load-displacement curves for MICP-calcite 
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Chapter 8: Influence of Microbe and Enzyme Induced Treatments on Cemented Sand 

Shear Response 

This chapter was previously published as:  

Nafisi, A., Safavizadeh, S., and Montoya, B. M. (2019). “Influence of Microbe and Enzyme 

Induced Treatments on Cemented Sand Shear Response.” J. Geotech. and Geoenviron. Eng 

(in press). 
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Abstract 

Microbial induced calcium carbonate precipitation (MICP) and enzyme induced calcium carbonate 

precipitation (EICP) are both soil improvement techniques that improve the shear response of 

sands.  However, the source of urease to hydrolyze the urea is different between the two 

techniques, and these differences may result in different shear responses. The macro- and micro-

scales behavior of MICP- and EICP-treated sands are evaluated using triaxial tests and scanning 

electron microscopy (SEM) images. To compare the macro-scale behavior, triaxial specimens 

were treated using MICP and EICP techniques to reach a moderate level of cementation, assessed 

using shear wave velocity. EICP-treated sand needs less calcium carbonate than MICP-treated 

sand to reach the same shear wave velocity. The specimens were sheared under drained conditions, 

and shear responses are compared. The obtained results show that a higher shear strength and 

larger dilative strain were observed for MICP-treated sand compared to EICP-treated sand when 

treated to the same shear wave velocity; however, more injections were required for the MICP 

treatment which resulted in a higher carbonate content. The SEM images revealed that the shape 

and structure of precipitated CaCO3 is different in these two treatment techniques, which in turn 

likely influenced the macro-scale response. The advantages of each method are also discussed.  

Keywords: Bio-mediated techniques, Microbially induced CaCO3 precipitation (MICP), Enzyme 

induced CaCO3 precipitation (EICP), Macro- and micro-scale comparison  
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8.1 Introduction 

Bio-mediated soil improvement is an innovative approach to deal with problematic soils such as 

sands susceptible to liquefaction and excessive deformations (Martinez and DeJong 2009). 

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

technique shown to have the ability of  improving soil properties by cementing particles (DeJong 

et al. 2006). In MICP, urea hydrolyzing bacteria with sizes in order of micrometer are harnessed 

to drive a series of chemical reaction resulting in calcium carbonate (CaCO3) precipitation. 

Exogenous bacteria can be injected into a soil mass, or indigenous microorganisms can be 

stimulated through the course of bio-treatment to initiate urea hydrolysis (Gomez et al. 2017). 

These bacteria create a supersaturated condition around themselves, and CaCO3 nucleation and 

crystallization occurs on the surfaces of bacteria which act as nucleation sites (Stocks-Fischer et 

al. 1999). Since bacteria tend to accumulate near particle contacts, more precipitation takes place 

near contact points compared to particle surfaces (DeJong et al. 2010). Shear strength, volumetric 

behavior, stiffness, erodibility, and compressibility of sands are improved via MICP (DeJong et 

al. 2010; Montoya et al. 2018). The uniformity of cementation throughout a soil mass plays a 

significant role in the performance of the bio-treated soil (Nafisi and Montoya 2018b). Relatively 

non-uniform CaCO3 distributions were reported in previous studies, especially for large scale tests 

using MICP (Gomez et al. 2015; Van Paassen et al. 2010). Moreover, applying MICP in fine soils 

such as silt can be limited due to possible incompatibility between the bacteria and pore throat 

size. These two drawbacks justified proposing a new technique in which the limitations could 

potentially be obviated. 

In enzyme induced calcium carbonate precipitation (EICP), free urease enzymes with sizes on the 

order of nanometers are used to hydrolyze urea, which can possibly result in a more uniform 
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distribution of CaCO3. Contrary to microbes in MICP, enzymes cannot attach to soil particles and 

do not act as nucleation sites in the precipitation process (Hamdan 2015). This can affect the 

precipitation pattern, which consequently influences the effectiveness of improved soil properties. 

Moreover, enzymes must be introduced into the soil with each treatment and bio-stimulation 

cannot be used in this technique.  

Previous studies on EICP sands illustrated that the unconfined compressive strength (UCS) 

increased up to 1.6 MPa (Yasuhara et al. 2012). Almajed (2017) measured UCS of about 2 MPa 

by adding fresh dried non-fat milk to their EICP solution while average strength of UCS tests for 

specimens treated with the EICP solution without fresh dried non-fat milk was 145 kPa. The role 

of the additive on increasing the strength was not clear to the authors, but it was hypothesized that 

adding milk either acts as nucleation sites or increases the viscosity of EICP solution.  A 

comparison between UCS of EICP-sand with the additive and MICP-sand provided by Almajed 

(2017) demonstrates that a higher strength can be obtained using EICP in compared to MICP with 

the same amount of CaCO3.  A cohesion of 332 kPa and friction angle of 34o were reported based 

on undrained triaxial tests performed on EICP-sand with a less than 1% CaCO3. Bang et al. (2009) 

compared Torvane shear strength of a sand treated through MICP and EICP with the milk additive. 

The results showed that EICP-treated sand is stronger than MICP-sand. Almajed et al. (2018) 

suggested the optimum treatment solution (consisting of 1 M urea, 0.67 M CaCl2, and 3 g/l urease 

enzyme) that yields in high precipitation mass and efficiency based on 37 precipitation tests carried 

out in 50 ml tubes.  

Based on the current state of knowledge, each of these bio-mediated techniques faces its own 

challenges which needs to be addressed before upscaling. The most appropriate technique may 
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depend on the application goal and the situation in which the techniques needed to be applied. One 

difference that may influence the appropriateness of a technique is the different mechanical 

response of MICP and EICP-treated sands; this has not been addressed in literature yet. Presented 

herein is a study that compares the shear response of a coarse and a medium sand cemented through 

MICP and EICP methods to reach a predefined range of shear wave velocity representing 

moderately cemented specimens. Drained triaxial tests were performed on seven specimens (two 

uncemented and five moderately cemented specimens) to evaluate the shear strength and 

volumetric behavior. SEM images were also used to investigate the differences between the 

precipitation patterns and structure of precipitated CaCO3.  Drawing a conclusion that one of these 

two techniques is superior to another is not the objective of this study. As mentioned earlier, the 

objective is to compare and evaluate the potential differences at macro- and micro-scales based on 

the experiments conducted in this study. Broader conclusions can be drawn after conducting a 

more comprehensive study.  

8.2 Materials and Methods 

8.2.1 Sand Types 

Ottawa 20-30 and Ottawa 50-70 were used in this study. Both sands are round silica sands with 

properties presented in Table 1.    

8.2.2 Biological Treatment  

To facilitate MICP, a microorganism naturally occurring in soil, Sporosarcina pasteurii (ATCC 

11859), was used in this study and grown following the procedure described by Mortensen et al.( 

2011). A two-phase injection method was employed; the recipe is presented in Table 2. Initially 

500 ml of biological solution containing 15 ml of bacteria (OD~1) was injected from the bottom 
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to the top of the specimens, and then after 4-6 hours retention time for bacteria attachment, 500 ml 

of the cementation solution was injected using 6-6-12 hour intervals. The flow direction was 

alternatively changed from bottom to top and top to bottom to increase the uniformity of CaCO3 

distribution.  

To facilitate carbonate precipitation in EICP, urease enzymes hydrolyze the urea. In the study 

presented here, jack bean urease enzyme powder from Fischer Scientific Co. which had a reported 

200 unit/g activity was used (1 micromolar unit liberates 1 micromole of NH3 from urea per pH 

7.0 at 250oC). The activity of the received enzyme was assessed using electrical conductivity in 

batch tests, and the results revealed the enzyme powder had an activity of about 600 units/g 

(Safavizadeh 2017). 

To induce cementation with EICP, a mix of enzyme and cementation solutions was used (Table 

2). To prepare the enzyme solution, 0.55 g of enzyme powder and 0.30 g of stabilizer (non-fat milk 

powder) was mixed with 60 ml of deionized water and then filtered. This enzyme concentration 

was able to hydrolyze the supplied urea (i.e., 333 mM) in 12 hours. The ratio of the enzyme to 

stabilizer was based on the ratio reported in Hamdan (2015). The chemical solution was designed 

to have 333 mM urea, 374 mM NH4Cl, and 100 mM CaCl2 in cementation solution after mixing 

50 ml of enzyme solution with 550 ml of chemical solution (similar to the MICP cementation 

media). A volume of 500 ml (~2 pore volumes of the specimen) of the cementation solution was 

injected into the triaxial specimens from bottom to top per injection.  The recipe for EICP 

technique was chosen based on a recipe reported by Hamdan (2015). The authors cannot comment 

on the potential effects of chemical concentrations on the shear strength of EICP-treated sands and 
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the most optimized recipe with regards to the shear strength. These issues are beyond the scope of 

this study and requires further investigation.   

8.2.3 Monitoring Process 

Shear wave velocity (Vs) was measured during the treatment processes to non-destructively 

monitor the cementation process in real time. Treatment injections for both the MICP and EICP 

methods were repeated until the target range of shear wave velocities were reached. A pair of 

piezoelectric bender elements embedded in the top and bottom acrylic end caps of the triaxial set-

up were used to propagate and receive a 10-V, 10 kHz sine wave using a digital signal generator. 

The traveling time of the shear wave between the two bender elements were recorded using an 

oscilloscope. The shear wave velocity was computed knowing the tip to tip distance of the bender 

elements and travel time of the shear wave. Shear wave velocity was chosen to equate treatment 

levels in the study herein since it is known in real time while the calcium carbonate content, a 

destructive measurement, cannot be quantified precisely until after the completion of the 

experiment.  

8.2.4 Experimental Details  

Triaxial test was carried out on seven specimens under drained condition to compare the shear 

response of MICP and EICP sand. All specimens were prepared using air pluviation at a relative 

density of 40% ± 4%, and treated under 100 kPa of mean effective confinement. Six hours after 

the last treatment, the specimens were flushed with ten times the pore volume of deaired water to 

wash out air bubbles and excess chemicals. The specimens were back-pressure saturated right after 

flushing deaired water until the B-value reached a value greater than 0.95, and then sheared at a 

rate of 2.5% of axial strain per hour. Test characteristics are tabulated in Table 3. For treated 
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specimens, test names were chosen based on the bio-technique used (EICP or MICP) and the sand 

type (Ottawa 20-30 or Ottawa 50-70). The untreated specimens are shown with letter U in the 

table. Vs before treatment, immediately after treatment completion, and just before shearing for 

treated specimens are reported in Table 3.  

8.2.5 CaCO3 Content Measurement 

After completing the tests, mass of precipitated CaCO3 was identified posttest using gravimetric 

acid washing method. All treated specimens were divided into six sections along the length, and 

the CaCO3 mass in each section was measured individually by washing with 1 M HCl acid. The 

difference between dried mass of the samples before and after acid washing was the mass of CaCO3 

precipitation. 

8.2.6 SEM Images 

Morphology and elemental characteristics of collected samples were analyzed conducting 

scanning electron microscopy (SEM) equipped with backscattered and secondary electron 

detectors (BSE) coupled with energy dispersive X-ray spectroscopy (EDS). To reduce the charging 

effect on SEM images, samples were coated with a gold/palladium alloy. The elemental analysis 

was performed in a ‘‘spot mode’’ in which the beam is localized on a single area manually chosen 

within the field of view. The elemental composition of a sample was determined using the 

characteristic X-ray spectrum of the specimen being examined. The EDS detector was capable of 

detecting elements with atomic number equal to or greater than six. The intensity of the peaks in 

the EDS is not a quantitative measure of elemental concentration, although relative amounts can 

be inferred from relative peak heights (Kutchko and Kim 2006). 
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8.3 Results and Discussion 

8.3.1 Macro-scale Behavior 

CaCO3 Content 

The mass of precipitated CaCO3 was determined along the specimen height (Figure 1). More 

uniform distributions of CaCO3 were observed for the EICP specimens, although the CaCO3 

distribution was relatively uniform in the M5070 specimen. The average CaCO3 content for the 

EICP specimens were less than that of the MICP specimens, although the measured shear wave 

velocities were similar. Comparing the behavior of MICP and EICP sands with a similar number 

of treatment and mass of CaCO3 can be evaluated in the future. Although the CaCO3 content cannot 

be measured precisely in real time and non-destructively, it could be approximated in real time 

through mass balance analyses of the effluent during the treatment processes.  

Shear Response of EICP- and MICP-treated Sands 

To compare the mechanical response of bio-cemented sands treated through the two different 

techniques, three EICP and two MICP specimens were prepared and sheared. The obtained results 

are illustrated in Figure 2. For reference, the shear response of the untreated specimens is also 

presented in Figure 2. Considering the Ottawa 20-30 specimens’ behavior, the MICP specimen 

(M2030) showed a higher shear strength and dilation compared to the two EICP specimens 

(E2030-1 and E2030-2). The peak shear strength of M2030 was about 30% and 70% higher than 

that of E2030-2 and the untreated (U2030) specimens, respectively. Also, M2030 exhibited 

dilation about four times larger than that of the EICP specimens at 10% of axial strain. Specimen 

U2030 showed a higher dilation at large axial strains compared to the EICP specimens which can 

be attributed to its higher relative density. Considering the minor difference in the shear behavior 
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of E2030-1 and E2030-2, 140 m/s difference in the measured shear wave velocities did not 

significantly enhance the shear strength and dilative behavior of E2030-2. Therefore, the 45 m/s 

difference in the measured shear wave velocities between M2030 and E2030-2 is assumed not to 

be the main reason for the difference between their shear responses. A similar trend was observed 

for the Ottawa 50-70 specimens. The MICP specimen (M5070) demonstrated a higher shear 

strength and dilation compared to the EICP and the untreated specimens. According to the obtained 

results, both MICP and EICP techniques improved the shear behavior of sands; however, MICP 

treatment was shown to be more effective in terms of increasing shear strength and dilation with 

similar pre-shearing Vs. Note that the observed differences may vary if calcium carbonate content 

is similar in the specimens treated through MICP and EICP methods. In addition, other variables 

such as relative density and curing condition may influence the shear strength of MICP and EICP-

treated sands. For instance Almajed (2017) reported a UCS strength of 1 MPa for oven-dried 

specimens with a relative density of 90%. Considering the difference between the shear strengths 

of MICP- and EICP-treated sands at the similar shear wave velocity, it can be concluded that shear 

wave velocity is not a unique indicator of the shear strength of bio-cemented sands treated through 

different techniques, though it is a valuable tool for characterizing the bio-cementation process 

and comparing the behavior of specimens treated in the same manner.  

To seek possible underlying reasons causing the observed differences in the shear response, the 

microscale properties of precipitated CaCO3 was analyzed through SEM images in a following 

section.  

The post-failure shape of the specimens is illustrated in Figure 3. Both E5070 and M5070 

specimens show a narrow shear band crossing from the top to the bottom of the specimens. The 
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failure mode, however, is different in the Ottawa 20-30 specimens regardless of the employed 

treatment technique. A part of the specimens was intact, and the other part bulged out while a 

subtle shear band was observed. The post-failure images indicate that the treatment technique does 

not affect the failure mode.  

8.3.2 Micro-scale Behavior 

It is crucial to understand how macroscale behavior may be affected by precipitated crystal 

properties and morphology. Therefore, SEM imaging was used to gain more insight about crystal 

shape. The first row of images in Figure 4 shows the SEM images for E5070; the second row 

presents SEM images for M5070. To properly compare the results of two treatment techniques, 

images have the same magnification in each column.  The first, second, and third column (from 

left to right) have a magnification of X200, X2000, and X5000, respectively.  

According to Figure 4 (a) and (d), the precipitation pattern is not similar between the EICP and 

MICP specimens. Indeed, precipitation occurred both at particle contacts and on particle surfaces; 

however, sand particles for the EICP treated specimens were coated with smaller and more 

scattered crystals compared to the MICP treated specimens. The CaCO3 content of the EICP treated 

material was lower than MICP treated material. Therefore, the CaCO3 precipitation in the MICP 

specimens appears to be more significant at the particle contacts, which may explain the higher 

observed peak shear strength compared to the EICP specimens with similar measured shear wave 

velocities. Shear wave velocity represents the small-strain behavior of the material, and is a 

function of number of connected particles through cementation, and it cannot fully capture the 

effect of CaCO3 thickness on large strain behavior. Therefore, the comparison between shear 

strength of EICP- and MICP-treated sands with a similar calcium carbonate content needs to be 

evaluated in a subsequent study.   
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Also fundamental differences in shape and crystal polymorph structure were observed at the higher 

magnifications. The most evident difference is the CaCO3 structure. Rhombohedral polymorph 

crystals, with a size less than 5 μm, were the dominant form of CaCO3 in the MICP specimen 

(Figure 4 (e)) which visually denotes that calcite is the predominant mineral phase (Wang et al. 

2013). Contrarry to the MICP specimen, cubic and polygonal plate-like crystals were not dominant 

in the EICP specimen. Instead, spherical crystals with irregular and disordered structure were 

widely observed which indicates that dominant CaCO3 phase was vaterite, (Beato et al. 2015; 

DeLeeuw and Parker 1998). Another compelling phenomenon that supports having different 

mineral type of CaCO3 in these two techniques is urea hydrolysis and CaCO3 precipitation rate.  

CaCO3 precipitation occurred at a higher rate in the EICP specimens compared to MICP specimens 

based on the two following observations. Firstly, the colloidal CaCO3 was visible in the beaker 

containing enzyme solution after about 30 minutes from initiation of the injection, while no 

colloidal CaCO3 was seen in the beaker containing bacteria during the course of the injection. 

Precipitation rate in the EICP solution was notably quick such that inlet lines of triaxial set-up 

were almost clogged at the end of the injection time (about 50 minutes after mixing the enzyme 

with the cementation solution). Secondly, shear wave velocity escalated with a high rate within an 

hour after injection and then an insignificant increase over the next 23 hours was observed in the 

EICP specimens. However, the majority of improvement in shear wave velocity took place within 

four hours after injections in the MICP specimens. Therefore, the urea hydrolysis rate and 

consequently the precipitation rate were higher in EICP compared to MICP, which directly 

influences the crystal morphology and mineral type (Van Paassen 2009). Since at a high 

supersaturation condition vaterite is the dominant precipitated crystal due to thermodynamics of 

the reactions (DeLeeuw and Parker 1998; Van Paassen 2009), vaterite and calcite appear to be the 
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dominant CaCO3 phases in EICP and MICP, respectively, for the recipes used in this study. It 

should be added that the average increase in shear wave velocity per injection for the E2030-1, 

E2030-2, and E5070 were 120m/s, 103m/s, and 74 m/s, respectively, while it was 50 m/s for 

M2030 and 32 m/s for M5070. This indicates that shear wave velocity improvement occurs at a 

faster rate in EICP compared to MICP technique.  

Another noteworthy point in Figure 4 is the layered irregular spherical CaCO3 particle in the EICP 

specimen which is different than the hierarchical structure of the precipitated CaCO3 in the MICP 

specimen. These layered particles suggests that precipitation occurred quickly in such a way that 

in the dehydration process of amorphous CaCO3 to more stable crystals, the precipitation 

morphology is similar to vaterite crystals and not calcite crystals (Radha et al. 2010).  The initial 

nucleation and crystallization formed vaterite crystals. The initial form of nucleation dictates the 

following formation of crystals. Therefore, initial formation of rounded vaterite crystals results in 

growth of vaterite crystals side by side until completing a semi-spherical layer. Simulation results 

of calcite crystal growth by De Leeuw (2002) showed growth next to an existing unit was 

energically more favorable than on top of that unit. Therefore, formation of the next layer would 

not start until completion of the existing layer.  

For the treatment recipes used herein, calcite was observed as the predominant crystal in the MICP 

specimens while vaterite was observed as the predominant crystal in the EICP specimens. 

Therefore, the differences in the mechanical response may in part be attributed to the different 

types of CaCO3 minerals. The same result was reported by Khodadadi et al. (2017) in which 

various strengths were observed in samples with different CaCO3 crystal properties.  
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Vaterite is less thermodynamically stable and more soluble than calcite (Kralj and Brecevic 1990, 

Wolf et al. 2000, Kralj et al. 1997). Kralj et al. (1997) reported that vaterite has the ability of 

transforming to calcite through dissolution and crystallization from solution. Figure 5 shows a 

SEM image from the E5070 specimen in which rhombehdral calcite crystals (denoted by “2”) were 

observed beside spherical vaterite crystals (denoted by “1”). EDS analysis was carried out on 

points 1, 2, and 3 (illustrated in Figure 5 (a)), and the results are presented in Figures 5 (b)-(d). 

The EDS results confirms the precipitation of CaCO3. Since mineral type cannot be differentiated 

through EDS, crystal morphology is used as a tool to differential between types of minerals. The 

observed calcite crystal may be a transformed vaterite crystal or resultant of slower CaCO3 

precipitation. This issue highlights the potential influence of specimen condition after or during 

the treatment process (i.e. oven-dried vs saturated) on the shear strength of EICP-treated sand, in 

which precipitated carbonate can transform from one mineral type to another in the time period 

between treatment completion and shearing. Moreover, this observation indicates that the 

transformation of calcium carbonate from a less stable mineral to a more stable type in bio-

cemented sand is possible which may influence the behavior of bio-cemented sands in the long 

term.  To evaluate this issue further investigation is needed. 

8.4 Treatment Characteristics  

As it was discussed earlier, each of these techniques has their own limitations and benefits. Based 

upon the obtained results in this study, EICP-treated sand exhibited a more uniform distribution of 

calcium carbonate throughout the specimens compared to MICP-treated sands. Additionally, the 

shear wave velocity (and stiffness) improved with a faster rate in EICP-treated sands and less 

calcium carbonate was needed to reach the same shear wave velocity. The shear strength of MICP-

treated was observed to be higher when comparing specimens at similar shear wave velocity. One 
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of the advantages of EICP is its potential to improve soil properties with a fewer number of 

treatment compared to MICP. The fewer number of treatments reduces some negative 

environmental impacts of these techniques. The comparison between the shear response of MICP 

and EICP-treated sands at similar calcium carbonate content may yield different trends which 

needs further investigation.  

8.5 Conclusion 

The objective of this study was to understand the differences between the shear response of MICP 

and EICP sand at the macro- and micro-scales. Two types of sands (Ottawa 20-30 and Ottawa 50-

70) were used to prepare seven triaxial specimens with a relative density of about 40%. The MICP 

treatment strategy was based upon prior work by the authors and the EICP recipe was based upon 

a recipe reported by Hamdan (2015). The shear responses of the moderately treated specimens 

using MICP and EICP were evaluated under drained condition. To elucidate the differences 

between the shear responses, the SEM/EDS analyses were conducted to explore the structure and 

shape of crystalline solids. Based on the obtained results, CaCO3 precipitation and shear wave 

velocity improvement occurred with a faster rate in the EICP specimens compared to the MICP 

specimens.  The average CaCO3 content of EICP treated specimens was lower than the MICP 

treated specimens while their VS were similar after treatment. CaCO3 was more uniformly 

distributed along the height of the EICP-treated specimens. It was also observed that the failure 

mode in all specimens was not affected by the treatment technique. The precipitation pattern was 

observed to be different in the techniques, and significant differences in crystal shape and structure 

were observed through the SEM images. Calcite and vaterite were visually identified to be the 

predominant crystal mineral in the MICP and EICP specimens, respectively, for the treatment 

recipe used in this study.  The hypothesis is that the higher rate of urea hydrolysis and over 
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saturation lead to vaterite instead of calcite in EICP treated specimens. Regardless of the employed 

technique, shear strength was increased in all bio-cemented specimens. However, the MICP 

specimens showed higher strengths and larger dilative strains compared to the EICP specimens 

with a similar shear wave velocity but lower calcium carbonate contents. Note that the trends may 

change for cases in which the precipitated calcium carbonate is similar (while Vs is different) in 

EICP- and MICP-treated sands. The different shear strengths of MICP- and EICP-treated sands at 

the similar shear wave velocity implicates that shear wave velocity is not a unique indicator to 

guarantee the similar shear strength in cases wherein bio-cementation techniques are different, 

although it has been shown that shear wave velocity measurement is a reliable tool for comparing 

the behavior of cemented sands treated via the same technique.  
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Table 8. 1. Sand characteristics 

Sand Ottawa 20-30 Ottawa 50-70 

D50 (mm) 0.72 0.22 

Cu 1.17 1.40 

Cc 1.02 0.90 

Gs 2.65 2.65 

emin 0.50 0.55 

emax 0.74 0.87 

Mineralogy Quartz Quartz 

 

 

 

 

Table 8. 2. Treatment characteristics 

    

Technique 
Biological Solution 

[Urea]: [NH4CL] 

Chemical Solution  

[Urea]: [NH4CL]: [CaCl2] 

Injection 

interval 

(hr) 

Flow 

direction  

MICP [333 mM]: [374 mM] [333 mM]: [374 mM]: [100 mM]  6-6-12 ↑ and ↓ 

EICP - [333 mM]: [374 mM]: [100 mM]  24 ↑ 

 

 

Table 8. 3. Tests characteristics 

      

Test 

No. 

Test 

name 
Sand type Technique 

Dr  

(%) 

No. of 

Inject-

ions 

Initial 

Vs (m/s) 

Vs
 after 

treatment 

(m/s) 

Vs
 after 

saturation 

(m/s) 

1 U2030 Ottawa 20-30 - 41 0 230 - - 

2 U5070 Ottawa 50-70 - 44 0 230 - - 

3 M2030 Ottawa 20-30 MICP 37 10 220 720 705 

4 M5070 Ottawa 50-70 MICP 36 13 225 650 640 

5 
E2030-

1 
Ottawa 20-30 EICP 38 3 230 540 520 

6 
E2030-

2 
Ottawa 20-30 EICP 36 4 220 700 660 

7 E5070 Ottawa 50-70 EICP 37 6 225 670 540 
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Figure 8. 1. CaCO3 distribution along the height of the specimens (mc represents the average 

CaCO3 content for each specimen) 



145 
 

 

Figure 8. 2. Shear (a) and volumetric (b) response of the Ottawa 20-30 specimens, and shear (c) 

and volumetric (d) response of the Ottawa 50-70 specimens 
 

 

Figure 8. 3. Post-failure specimens (a) M2030; (b) E2030-1; (c) E2030-2; (d); M5070; (e) E5070 
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Figure 8. 4. SEM images (a), (b), and (c) E5070 specimen; (d), (e), (f) M5070 specimen 
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Figure 8. 5. EDS analysis of E5070 (b) vaterite mineral; (c) calcite mineral; and (d) sand particle 
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Chapter 9: Contributions and Future Work 

9.1. Contributions 

A comprehensive investigation was carried out to evaluate the behavior and properties of MICP-

treated sands at micro- and macro-scales. The main contributions in this study are as follows: 

 Level of cementation was defined by using normalized shear wave velocity; appropriate 

parameters were developed for each level of cementation independent of the sand type. 

Treated sands with similar normalized shear wave velocities showed similar shear response 

although the carbonate content was different from one sand to another.  

  The developed MICP approach was equally effective for coarse, medium, and fine sands, 

although the precipitated carbonate for the coarse sand (Ottawa 20-30) was less than that 

of medium (Ottawa 50-70) and fine (Nevada) sands to reach a given level of cementation. 

Moreover, shear wave velocity increased with a faster rate (based on treatment time) in the 

coarse sand.   

 Linear, bilinear, and nonlinear failure envelopes were developed for MICP-treated sands 

over a broad range of confinements and levels of cementation suitable for multiple stress 

paths. 

  Drained triaxial tests were conducted on treated specimens subjected to four varying stress 

paths; axisymmetric compression, radial extension, constant p', and constant q. Failure 

happened at lower axial strains under radial extension stress path compared to constant p 

and axisymmetric compression stress paths. In addition, the accuracy of a proposed 
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nonlinear failure envelope was verified by comparing the shear and normal stresses at 

failure for the tests under different stress paths with those predicted by the failure envelope. 

 Cementation degradation was observed in moderately cemented specimens due to 

confining pressure changes (stress relaxation and compression) after treating the 

specimens; however, the behavior was still improved compared to untreated sand. 

 The results on sand particles with different sizes and shapes indicate that particle size and 

shape notably influence the mechanical response of MICP-treated sands.  The contribution 

of cementation in improving shear strength of MICP-sand becomes greater as the 

angularity increases and particle size decreases. 

 Tensile strength of heavily cemented MICP-treated sands was determined to be about 0.2 

of  UCS and occur at 0.1 of  UCS axial strain through direct tensile test. 

  Predominant mode of failure for MICP-treated silica sands at the particle scale was 

determined to be cohesive failure.  

 Elastic modulus and specific gravity of MICP-calcite were measured for the first time, 

characterizing general MICP-calcite properties. These properties will be used directly in 

discrete element method modeling to predict response under loading. 

 The efficacy of different bio-cementation techniques in improving shear response can be 

different even at the same level of cementation.   
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9.2. Future Work 

 Verifying the accuracy of nonlinear failure envelope at larger stresses by conducting 

triaxial tests at confining stresses more than 800 kPa.  

 Measuring tensile, shear, and torsion strengths of the calcite bond to verify/calibrate DEM 

simulations and their accuracy. 

 Scanning MICP-treated specimens at different levels of cementation to find the frequency 

and spatial distribution of calcite bonds in the specimen and the variation in calcite bond 

sizes.   

 Investigating the properties of microbially induced carbonate cured under different 

conditions (e.g. dry versus wet). 

  Comparing the shear response of MICP- and EICP-treated sands with similar carbonate 

content.  

 Compare the Gmax estimated by shear wave velocity with Gmax measured from resonant 

column test to find the final mass density of sand after treatment at different levels of 

cementation.  
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