
 

 

 

 

 

 

 

 

ABSTRACT 

FENG, KAI. Constitutive Response of Microbial Induced Calcite Precipitation Cemented 

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

In the last decade, microbial induced calcite precipitation (MICP) emerged as a novel 

technique for implementing soil improvement in an environmentally-friendly and 

economically beneficial manner. However, the mechanical behavior and constitutive 

response of these materials are still not fully explored by researchers. In this dissertation, the 

characteristics of MICP cemented sands are investigated through numerical modelling and 

experimental tests, including macro and micro tests under both static and dynamic loading.  

In the first part, the mechanical behavior of MICP cemented sands were probed using 

monotonic load testing and the existence of calcite precipitation was verified by scanning 

electron microscopy, with this behavior compared to traditionally cemented soil and naturally 

cemented soil. Both MICP cementation and traditional cementation were verified to be 

effective in the increase of stiffness and strength, and unique characteristic of MICP 

cemented soil was highlighted. 



 

 

 

 

 

 

 

 

In the second part, discrete element method was adopted to model the constitutive 

response of MICP cemented sands. Well-established agreement was obtained between 

experimental and numerical specimens, indicating the possibility of discrete element method 

to capture the MICP cemented soilôs properties, which would help to understand the behavior 

of cemented soil from micro-scale. Following numerical modelling, micro tests, including 

goniometer tests and particle-bond-particle tests, are conducted in the third part. Specially 

prepared triaxial chamber with bender elements was also used to provide detailed 

information on the bond breakage evolution during shearing. 

In the final part, the resistance of MICP cemented soil to liquefaction was studied by 

cyclic triaxial testing and uncemented soil was chosen as the reference tests. Results 

indicated that the liquefaction resistance of tested soil has been increased by a significant 

level, although only light cementation was applied in current research. Pore pressure 

development curve and deformation characteristics are also changed due to the precipitation 

of calcium carbonate. 
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1 INTRODUCTION  

Cementation, whether naturally occurring or added by man-made activities, has been 

shown to increase the ability of sands to resist failure when subjected to static or dynamic 

loading. Natural cementation occurs due to chemical deposition, weathering by-products, or 

bonding by clay particles. Artificial cementation mainly includes the injection of colloidal 

silica grout (Diaz-RodrIiguez et al. 2008), Portland cement (Saxena et al. 1988; Schnaid et al. 

2001; Ismail et al. 2002), or gypsum (Ismail et al. 2002; Huang and Airey 1998). Generally, a 

variety of chemical, jetting, and permeation grouting techniques are used to distribute the 

artificial grouts in the subsurface. Historically, some artificial grouts have caused 

environmental concerns due to detrimental effects on groundwater quality from grout 

constituents (Karol 2003). In addition, the limited injection distance for chemical grouting or 

super-jet grouting is another concern when designing for ground improvement.  

Recently, bio-mediated methods (DeJong et al. 2013) have developed as promising 

alternatives for ground improvement. One of the bio-cementation technology is microbial 

induced calcium carbonate precipitation (MICP) (DeJong et al. 2006; Mortensen and DeJong 

2011), which induces calcium carbonate to precipitate within the soil matrix through 
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ureolysis catalyzed by the bacterium Sporosarcina pasteurii. Provided with a solution of urea 

and calcium chloride, the main reactions related to calcite precipitation include: 

#/ὔὌ ςὌὕᴼςὔὌ #/  

#Á ὅὕ ᴼὅὥὅὕ  

The ammonium chloride produced during cementation process should be removed to 

avoid unfavorable ecological effects to the environment. An acidifying process through 

oxidation of ammonium could dissolve the precipitated calcite. Under natural groundwater 

conditions where the ground water pH is greater or equal to 6.3, the produced calcite will be 

geologically stable (Fujita et al. 2008). Bio-cementation is an additive process, where the 

bacteria produce calcite cementation in proportion to the amount of nutrients (e.g., urea and 

calcium) supplied; therefore, multiple injections of nutrients may take place to achieve a 

desired level of cementation.   

The microbial reaction in the MICP process can be controlled to be slower than typical 

set times for chemical grouts, which will allow the MICP reaction to spread through a greater 

volume of soil compared to chemical grouting (Martinez et al. 2013).  
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Through monotonic and dynamic loading in both laboratory and centrifuge tests (Chou et 

al. 2011; Chu et al. 2012; DeJong et al. 2006; Montoya et al. 2013; Mortensen and DeJong 

2011; van Paassen et al. 2010; Whiffin et al. 2007), bio-mediated cementation has been 

proved to be effective to strengthen soil stabilization in situ. But limited works give the 

insight about the formation and development of the bond and debond behavior of 

bio-cemented soil. One of the objectives of this research is to address the effect of static 

loading and unloading on the strength and stiffness properties of cemented soil and 

corresponding bondôs breakage evolution, which can be monitored through the bender 

elements installed within the triaxial cell. To further evaluate the stress-strain behavior of the 

bio-cemented sand and discuss the similarities and differences between untreated and 

bio-treated soil will be another research objective. Another important concern will be the 

evolution of bond breakage of MICP soil in a modified triaxial cell, which will then be 

compared to traditional cemented sand in a similar loading condition. The above mentioned 

research objectives will be addressed using traditional laboratory techniques (e.g., triaxial 

and consolidation equipment). 

Other section of current research is to model MICP soil through discrete element method 

(DEM), which has been proved to be a useful tool that can capture the discrete characteristics 
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of the granular soil (Frost and Evans 2007; Evans and Frost 2008; Zhao and Evans 2009). 

Microstructure play significant roles and they govern the macroscale response of granular 

materials. In the laboratory, although X-ray tomography method (Wang et al. 2004) and 

solidifying-sectioning method (Kuo and Frost 1996) can help analyze microstructure, they 

are time-consuming, expensive and hard to perform. Numerical methods can be a powerful 

assistant to overcome these difficulties. Previously, DEM has been widely used to investigate 

the behavior and response of pure sand under different load conditions (Zhao and Evans 2009; 

Sitharam and Nimbkar 1997; Oda et al. 1982; Masson and Martinez 2001; Jiang et al. 2005; 

Bardet and Proubet 1991; Iwashita and Oda 1998; Frost and Jang 2000; Thornton 2000; 

Bardet 1994). Also, some researchers (Estrada et al. 2010; Estrada et al. 2010; Jiang et al. 

2006; Jiang et al. 2011; Wang and Leung 2008; Wang and Leung 2008; Yin and Dvorkin 

1994) have conducted numerical explorations about cemented soil. However, limited 

researchers explore the behavior of cemented sand under varying stress path using 

3-dimensional code. Furthermore, the current body of research has validated its models using 

artificially cemented sand; bio-cemented soil will enrich the DEM modeling investigations 

and give meaningful comparison with previously conventional cemented soil. After 

calibration with experimental data using PFC-3D code, numerical samples under varying 

stress paths are simulated and related microstructure properties are analyzed and compared 
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with uncemented and traditional cemented sand. In order to get a direct verification with 

numerical microstructure, authors will apply scanning electron microscopy analysis to 

provide satisfactory comparison to the numerical analysis and enhance the confidence to the 

numerical experiments.  

The final section of this thesis is focused on the liquefaction mitigation improved by 

bio-cemented soil. By utilizing cyclic triaxial experiments, the dynamic properties of 

bio-cemented soil will be evaluated and compared with other cemented soil. Using the 

customized cyclic loading equipment with shear wave velocity measurement, the small-strain 

properties of uncemented and bio-cemented sand can be derived.  

This research is organized in the following manner:  

Chapter 2 reviews the previous work on the investigations on traditional and 

bio-cemented sand behavior both in physical experiment and discrete element numerical 

experiment and discusses the necessity of the research in this thesis.  

Chapter 3 is the results from triaxial and consolidation tests. The stress-strain behavior 

and deformation characteristics of bio-cemented sand are explored. The uniformity of 

cementation distribution after treatment is discussed. The decementation forms of 
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bio-cemented sand under Ὧ loading-unloading are presented. Finally, the behavior of 

MICP cemented soil is compared to the behavior of Portland cement and naturally cemented 

soil. 

Chapter 4 describes the numerical model to simulate cemented sand and corresponding 

calibration comparison with physical experiments in Chapter 3. After calibration, further 

numerical experiments under varying confinement and cementation levels are conducted and 

corresponding microstructure developments are analyzed. Finally, utilizing monitoring data 

from bender elements measurement, bond breakage pattern of treated sand are analyzed. 

Since the numerical model also has the ability to study bond breakage evolution, the 

comparison of bond breakage pattern from experimental data and numerical model are made.  

Chapter 5 is about the exploration of micro mechanics feature of MICP cemented sands, 

in which goniometer tests and surface energy analysis are conducted. Furthermore, modified 

chamber with built-in bender elements are prepared to monitor biochemical treatment and 

bond breakage development during shearing. 

Chapter 6 summarizes the testing results for dynamic loading of MICP cemented soils 

using cyclic triaxial shear tests. Pore pressure generation pattern and deformation 
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characteristics are changed due to the bonding by calcite, which improve the liquefaction 

resistance of loose sand. Finally, the uniformity of cementation treatment is discussed. 

Chapter 7 is a brief summary of current research included in the dissertation. Future 

works and potential research interest in bio-mediation techniques are also discussed. 
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2 LITERATURE REVIEW  

2.1  Introduction  

Cementation is an important method to soil improvement. It is known to increase the 

stiffness and strength of soil, and thus reduce the liquefaction possibility and can be a critical 

aspect in site response. Generally, testing methods to investigate the effect of cementation on 

sand include triaxial test (Clough et al. 1981), isotropic and K0 consolidation (e.g., Yun and 

Santamarina 2005; Zhu et al. 1995; Lee et al. 2010), cyclic triaxial (e.g., Clough et al. 1989; 

Sharma and Fahey 2004), and resonant column (e.g., Saxena et al. 1988; Dyvik and Madshus 

1985). Bio-mediated technology recently developed is a promising alternative to chemical 

grouting. The significance of the microstructure of bio-cemented sand has been realized 

(DeJong et al. 2013) and discrete element method (DEM) provides an approach to explore 

the micromechanics on soil response. Many researches have worked on the microstructure of 

uncemented sand, but investigation about cemented sand is limited. This chapter is a 

literature review of existing investigations that has been done on these topics. 
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2.2  Effect of traditional cementation on soil behavior 

2.2.1 Triaxial tests on traditional cemented soil 

Clough et al. (1981) performed a number of triaxial tests and Brazilian tension tests on 

four naturally-cemented sands found in San Francisco Bay Area and on man-made cemented 

samples, which are used to simulate natural soil behavior. They concluded that the amount of 

cementing agent, sand density, confining pressure and grain size distribution all have a 

significant effect on the behavior of cemented sand. Also, the results showed that 

weakly-cemented sand presents a brittle failure mode at low confining pressure with a 

transition to ductile failure at higher confining pressure. In their research, it was found that 

some degree of residual cohesion was observed for cemented sands, but the residual strength 

of cemented sand is close to that of uncemented sand. 

Airey (1993) conducted triaxial testing of naturally cemented carbonate soil. He 

suggested using indirect Brazillian split cylinder test to give an indication of cementation 

degree. With many stress path tests of uncemented and cemented samples, he mentioned that 

cementation increases the size of the yield locus. It was also presented that cementation 

increases the shear modulus of soil but has lit tle effect on the bulk modulus. 



 

 

 

10 

 

Schnaid et al. (2001) studied the stress-strain-strength behavior of artificially cemented 

sand through the addition of Portland cement using unconfined compression test and drained 

triaxial compression tests. They recommend unconfined compression strength as a good 

measurement of cementation degree. Also, it was found that shear strength of cemented soil 

could be expressed as a function of the unconfined compressive strength and the uncemented 

friction angle. Unlike uncemented soil, the normalized secant modulus (normalized by 

atmospheric pressure) of cemented soils is not significantly affected by the initial mean 

effective stress under low confining pressure. With the same amount of cementation content, 

the normalized secant modulus of cemented soils under different initial mean effective stress 

is close.  

Huang and Airey (1998) used gypsum cement as an agent to produce artificially 

cemented sand to conduction isotropic and K0 compression and found that the effects of 

cementation are only significant for stresses below an apparent preconsolidation stress that 

lies on the normal compression line for uncemented soil. It was confirmed that the increases 

in density and cement content lead to increase in stiffness and strength, but the effect of 

cementation will decrease as density increases. In addition, cementation causes the 

preconsolidation pressure to increase and shifts the normal consolidation line with reduced 
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value for k0. The authors proposed to use the ratio of tensile or unconfined compressive 

strength to the preconsolidation pressure to describe the changing influence of cementation 

with density. 

Ismail et al. (2002) explored the effect of cement type on response of cemented 

calcareous soil by maintaining consistency of unconfined compressive strength and sample 

density among the different cementing agents, namely Portland cement, gypsum and calcite. 

Results from triaxial tests showed that although having same unconfined compressive 

strength and density, the behavior of sand using different cement varies significantly because 

of the different volumetric response upon shearing. Generally, samples using Portland 

cement presented ductile yield and a high level of dilation while calcite and 

gypsum-cemented samples exhibited brittle yield and more contraction.  

Using isotropic compression and undrained triaxial tests, Chiu et al. (2009) investigated 

the yielding and shear behavior of Portland Cement-treated dredged materials (DM) and 

concluded that yield stress and cohesion intercept increases with increasing cement content 

and curing time and failure envelops of the cement-treated DM lie above that of the 

reconstituted DM. 
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Consoli et al. (2009) conducted a series of unconfined compressive tests and drained 

triaxial tests with bender element measurement and got a conclusion that voids/cement ratio, 

which defined as the ratio between the volume of voids and the volume of cement, plays a 

fundamental role on initial shear modulus and Mohr-Coulomb effective strength parameters 

of an artificially cemented sand. The study broadened their previous research (Consoli et al. 

2007), which presented the unconfined compression strength as a function of the 

voids/cement ratio. Following, Consoli et al. (2010, 2011) performed a number of splitting 

tensile tests and unconfined compression tests. In their research, the voids/cement ratio, 

which expressed as porosity divided by the volumetric cement content, has been shown to be 

a reasonable parameter to estimate splitting tensile and unconfined compression strength of 

cemented sand. Consoli et al. (2012) investigate the effect of cement/voids ratio on 

stress-dilatancy response of cemented sand and verified cement/void ratio is an appropriate 

parameter to assess stress-dilatancy properties of cemented sand.  

Rios et al. (2012) also found that there is a unique normal compression line corresponds 

to each the porosity/cement value, which is the ratio of porosity to the volumetric cement 

content.  
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2.2.2 Response of cemented sand under ▓ condition 

Using oedometer cell with bender element to measure shear wave velocity, Yun and 

Santamarina (2005) investigated small strain stiffnessô changes under k0 loading and they 

confirmed that cementation prevails at low confinement and all soil parameters gradually 

perform stress-dependent behavior at high confinement. Furthermore, higher density, cement 

content, and effective confining pressure during cementation lead to lower possibility of 

decementation. However, when the soil is Ὧ unloaded to same initial confinement, some 

breakage of interparticle bonds happened despite the absence of collapse. Shear wave 

velocity was verified to be a good method to provide valuable information about cementation 

content without disturbing sample. Although cemented sand exhibit high initial stiffness, it is 

inadequate to use it for design because cementation may collapse upon loading, leading to 

large deformation. 

Lee et al. (2010) investigated cemented rigid sand and soft rubber particle mixtures under 

Ὧ consolidation with measurement of shear wave velocity and primary wave velocity. 

Seven mixtures with different volume fractions of rubber were created and a greater vertical 

strain is presented with a reduced sand fraction for uncemented samples and bilinear vertical 

stress-strain behavior was shown for cemented specimen. For the uncemented sand, P- and 
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S-wave velocity increases with the increases of vertical effective stress and sand fraction. For 

the cemented sand, higher wave velocity is revealed before cementation and wave velocity is 

constant after cementation with the increase in vertical stress. When additional loading is 

applied to samples, bonds start to be broken and thus P- and S-wave velocity decrease. 

Nevertheless, wave velocity increases with the increase of vertical stress in the 

stress-controlled regime after bond degradation. Three behavior regions, namely rubber-like, 

transition and sand-like behavior, present for both cemented and uncemented specimens. 

Higher small strain stiffness is observed for the cemented samples after bond degradation 

than that of the uncemented samples. 

Using modified oedometer rings with measurement of lateral stress, Zhu et al. (1995) 

explored the factors that have influences on at-rest lateral stress on artificially cemented 

sands. They found that the ratio of at-rest lateral stress to vertical stress is constant for 

uncemented sands while it increases with increasing vertical stress for cemented sands, but 

all of cemented soil has lower coefficient Ὧ compared to uncemented samples. Higher 

cementation content, relative density and longer curing period cause to lower lateral stress 

and thus lower Ὧ. Note that these above conclusions are only valid when the sands were 

cemented under zero vertical stress. When the specimens were cured under vertical stress, the 
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coefficient of Ὧ increases with both cement content and preconsolidation stress. They 

stated that cement content and stress history are the two crucial factors affecting lateral stress 

in cemented soils, which may have smaller or greater lateral stress than that of uncemented 

samples, depending on stress history.  

In a Ὧ test of pumice sand, Kikkawa et al. (2012) claimed that the amount of stress 

relaxation with a constant rate of compression increases with increasing strain rate. 

One method we could get lateral stress measured is to use the modified oedometer cell 

like that used by Zhu et al. (1995) and Ofer (1981). Another way is to use triaxial cell.  

Campanella and Vaid (1972) decribed a simplified Ὧ triaxial cell which is suitable for 

consolidating specimens under Ὧ stresses in one load increment, several load increments or 

by strain controlled methods. They also showed test data for saturated clay, and the result is 

consistent with measurement from Ὧ test.  

Uchida et al. (2003) conducted strain-path controlled triaxial Ὧ consolidation test on 

marine clays and compared their results with that gotten from conventional oedometer test, 

which show good consistency considering different strain load rate.  
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2.2.3 Behavior of sand under different stress paths 

Malandraki and Toll (2001) presented triaxial tests on weakly cemented soil with 

different stress paths and concluded that the bonds within soil is anisotropic and in one stress 

direction, only bonds in the specific direction will break. It was also found that yield surface 

of cemented soil is independent of previous shearing direction. However, the failure surface 

will be affected by previous shearing history. Generally, the strength under complex stress 

path is reduced compared to conventional triaxial tests, which indicates that using the data 

from conventional tests will give an unconservative design. 

Wang and Ng (2005) investigated the small strain characteristics of completely 

decomposed granite (CDG) through drained compression and extension tests with bender 

element and internal local transducers installed. They claimed that shear stiffness and bulk 

modulus of CDG exhibit high nonlinear changes and at 0.01% shear strain, the shear stiffness 

gotten from constant p extension tests was about 61% higher than that from constant 

compression tests. The effect of recent stress history was also observed for CDG; the sample 

with a 90 degree ration of stress path presents 50% -70% higher shear modulus than that of 

tests without change in direction of stress path. 



 

 

 

17 

 

Finno and Kim (2012) discussed the effect of stress path rotation angle on small strain 

behavior of Chicago clay and showed that stiffer response occurred when stress path 

advanced in a direction opposite to preshear stress path. It was also concluded that both 

recent stress history and proximity to yield surface have an effect on shear modulus evolution, 

but in their tests, recent stress history prevails. Another point they emphasized is that the 

effect of recent stress history on small strain stiffness only worked when the stains is smaller 

than 1% shear strain. 

Feda (1994) used clean alluvia-quartzitic Zbraslav sand under triaxial condition to 

analyze the form of failure envelope. He found that different stress paths, including constant 

cell pressure tests and constant p tests, affect the shear strength of sand and only tests with 

constant p stress path produces nonlinear failure surface.   

  

2.2.4 Behavior of cemented sand under dynamic loading 

Clough et al. (1989) investigated the liquefaction resistance through a series of static and 

cyclic triaxial and cubical tests on cemented sand and confirmed that the increase of unit 

weight and cementation will increase liquefaction resistance but the influence of unit weight 

can be neglected when cementation content exceeds critical value. To explore the effects of 
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nonhomogeneity in cementation on liquefaction, samples using a weaker layer cemented 

sand within a stronger mass were created and it was found that the weakly cemented layer 

govern the performance of the sample. From the tests of cubical shear box, which modeled 

similar conventional triaxial stress paths, higher stress ratios to liquefaction were performed. 

Fewer stress concentrations and different sample fabric compared to triaxial test are likely to 

be the reason. Another important conclusion is that pore pressure development for cemented 

sands are influenced by stress path, which have different trends in comparison with 

uncemented sands.  

Saxena et al. (1988) summarized the experimental results from cyclic triaxial and 

resonant column tests of artificially cemented sands and presented a good correlation 

between dynamic moduli and cyclic strength though the relationship depends on type of sand, 

level of cementation and effective confining pressure. These may provide a method to 

estimate cyclic strength of cemented sand from the measurement of moduli or wave velocity. 

It was also observed that the response of cemented loose sands is similar to that of dense 

uncemented sands and cyclic strength in cemented sand increases with the increases of 

relative density and curing period. 
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In the paper by Saxena et al. (1988), they verified that cement content, effective 

confining pressure and density are governing parameters of dynamic behavior of cemented 

sands but the damping ratios are less influenced by density. A newly empirical relations for 

maximum dynamic modulus and damping ratios was proposed based on the results of 

resonant testing. 

Using cyclic simple shear tests, Diaz-RodrIiguez et al. (2008) confirmed that colloidal 

silica grout can improve the liquefaction resistance of natural silty sands and its performance 

was influenced by initial relative density, effective vertical stress and colloidal silica 

concentration. The concentration of colloidal silica also produces effect on the rate of pore 

pressure development. Their findings posed a chance to use colloidal silica for stabilization 

but the durability and mechanical setting of the colloidal silica within the sand matrix in 

natural deposits need to be further confirmed. 

A series of undrained triaxial tests about calcareous soils under both monotonic and 

cyclic loading were performed by Sharma and Fahey (2004). It was observed that the 

increases of cementation content result in significant increase in stiffness, with the latter 

being less and less dependent on the confining pressure and samples using anisotropic 

consolidation presented lower initial stiffness compared to samples under isotropic 
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consolidation. Comparison of the shape of stiffness degradation curve in their research with 

that from noncalcareous soils, they stated that calcareous soils have faster rates of stiffness 

degradation with a higher strain threshold. Under cyclic triaxial loading condition, they got 

different stiffness degradation pattern whereas it fall within the range bounded by monotonic 

tests when the number of cycles changes from 1 to 10000. A point needs to be noted is that 

their investigations were carried on for samples cemented before consolidation and thus it 

may not be applicable to other kind of cementation sequences. 

Fernandez and Santamarina (2001) investigated the influence of cementation on the small 

strain response of sands using torsional resonant column device. They concluded that 

cementation prevails at low stress while confinement takes over at high stress and the 

transition stress between these two regimes increases with the content of cementation. Two 

load-cementation history, namely cementation before load (CbL) and load before 

Cementation (LbC), were studied and it was found that LbC produces higher stiffness than 

CbL though the differences is relatively small. However, load-cementation history has a 

significant effect on decementation. When the medium is unloaded from the level of 

confinement prevailing during cementation, decementation shows more evident because 

cementation bonds are under tension. Compared to uncemented sands, the stiffness under 
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small strain can be increased by an order of magnitude for cemented sands. It was also 

observed that wave velocity donôt change too much due to stress changes until decementation 

starts. 

 

2.2.5 Response of cemented soil in situ 

Many researchers investigated properties of cemented soil in engineering practice. 

Collins and Sitar (2009) presented an investigation to assess the stability of weakly and 

moderately cemented sand cliffs. Through testing, both weakly and moderately cemented 

sand show brittle failure mode and can be modeled effectively used Mohr-Coulomb 

parameters. Using field stress path (FSP), which is a lateral extension test, soil showed a 

more brittle response, which results in an order of magnitude decrease in strain at failure. The 

effect of groundwater on material strength was well established and it was found that all 

tensile and compressive strength of weakly cemented sands is lost upon wetting and 

saturation and for moderately cemented sand, it lost more than 50% of strength. Based on the 

different properties of weakly or moderately cemented sand, Collins and Sitar (2011) 

developed an approach to assess the stability of cemented sand cliffs.  
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Using cement-stabilized retaining wall, Ismail (2005) provided a possible cost-effective 

system applicable to medium-height retaining walls with generous lengths and stated that 

critical cementation is a key factor in maintaining an economic design because stability will 

not increase after a threshold of cementation.  

Puppala et al. (1993) used cone penetration testing to provide strength parameters of 

cemented sands and claimed that bearing capacity theories proposed by Durgunoglu and 

Mitchell (1973)) and Janbu and Senneset (1973) give reasonable analytical methods to 

estimate cohesion intercept and relative density of cemented sands. 

Lee et al. (2010) performed a series of CPT and DMT tests in a calibration chamber to 

evaluate the effect of cementation on deformation modulus of cemented sand and compared 

the constrained modulus gotten from estimation from empirical relations previously 

suggested for uncemented sands with that gained by one-dimension compression test, which 

shows higher deformation modulus.  
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2.3  Bio-mediated cementation for  ground improvement 

Microbial induced calcite precipitation (MICP) provides a method to potentially 

uniformly improve the strength and stiffness of soil in a cost-effective and low-impact 

manner.  

Stocks-Fischer et al. (1999) investigated biochemical and physical properties of calcite 

precipitation induced by Bacillus pasteurii. By scanning electron microscopy, they identified 

bacteria in the middle of calcite crystals, which are viewed as nucleation sites. Compared to 

chemical precipitation, larger precipitation rate presents in microbiological cementation, 

which also correlated well with the growth of cell and generation of ammonia and insoluble 

ὅὥ . Their findings demonstrate a potential use of microbial induced calcite cementation in 

sand improvement.  

Whiffin et al. (2007) design a 5 meters long sand column subjected to bacteria and 

reagents and found that bacteria obtained a reasonable homogeneity at a low injection rate 

without clogging column. Also, mechanical testing shows that strength was increased after 

biological treatment with the presence of calcium carbonate in the pore space. The 

improvement of sand properties without a major reduction in permeability makes microbial 

cementation more promising for use in subsurface.  
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Fujita et al. (2008) stimulated microbial urea hydrolysis by adding molasses and urea in 

Eastern Snake River to promote calcite precipitation. In this way, the amount of 

contaminants from divalent trace metal and radionuclide in groundwater were reduced, which 

is viewed as a long term contaminant sequestration mechanism. 

Using microbial induced cementation technology, many researchers have applied it to 

soil improvement.  

DeJong et al. (2006) applied MICP to initially loose sand under undrained loading and 

compared it with gypsum cemented sample. They stated that MICP treated sand exhibit a 

strain softening behavior, with a higher shear stiffness than uncemented sample. Generally, 

MICP treated sand had similar behavior with gypsum cemented specimen. Using X-ray 

mapping, they also confirmed that the formed cement bonds were calcite.  

Using MICP, Mortensen and DeJong (2011) conducted various stress paths experiment 

under both drained and undrained conditions and found that (1) shearing stress path influence 

the behavior of treated sand; (2) stiffness degradation rate before failure depends on the stress 

path and drainage condition; (3) shear wave velocity is more effective to capture cementation 

degradation under drained experiment because the elimination of excess pore pressureôs 

effect.  
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Weil et al. (2012) discussed geophysical methods to monitor MICP process and they 

summarized as below: shear wave velocity is an effective methods to reflect cementation 

variation during MICP; compressive wave velocity could work at high cementation level and 

provides insight into the Poissonôs ratio; electrical resistivity is not effective when applied in 

MICP treated sample because the dependent on the conductivity of pore fluid, which changes 

due to biogeochemical reasons, however, resistivity should be useful to detect the spatial 

extent of treatment solution delivery.  

DeJong et al. (2009) utilize large scale laboratory experiments to demonstrate the 

possibilities of MICP technology applied in situ, although a number of challenges associated 

with upscale of bio-mediated soil improvement were also addressed.  

Using direct shear and CBR experiments, Chou et al. (2011) reconfirmed the 

effectiveness of MICP to improve geomechanical properties of sand, but they also indicated 

that microbial and chemical processes both contributed to the clogging of the porous medium, 

which may restraint the length of delivery of treatment solution. Note that the sample in CBR 

tests are unsaturated specimen, which involve the effects of soil suction that also contribute 

to the increase of CBR values. Further data collections about unsaturated state are expected.    
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To understand the environmental factors that affect the biological treatment process, 

Mortensen et al. (2011) conducted a series of soil columns and batch tests. Through their 

researches, authors indicate that MICP process is equally effective over a wide range of soil 

types, concentration of ammonium chloride and salinities ranging from distilled water to full 

seawater. Their findings make MICP tech possible widely used in site with different 

soil-environmental system.  

Based previous exploration, DeJong et al. (2010, 2011, 2013) discussed bio-cemented 

improvement system with interdisciplinary view at the confluence of microbiology, 

geochemistry and civil engineering. Treatment process, microscopy analysis, non-destructive 

monitoring and in-situ application are reviewed. Finally, two major problems related to 

MICP, namely optimization and upscaling of processes, are discussed.  

Except for the MICP process mentioned above, other biological treatment methods, such 

as biologically inspired silicificaiotn (Dove et al. 2011), calcium phosphate compounds 

bio-grout (Akiyama and Kawasaki 2012), are also investigate by other researchers, which 

provide possibilities to deal with different soil environment with different potential optimized 

bio-treatment methods. 
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2.4  Bender elements application on shear wave measurement 

Shirley and Hampton (1978) design a program with transducers to measure shear wave 

velocity and attenuation in laboratory sediments and indicated that possible environmental 

noise in situ could be an impediment to apply it in determining properties of marine 

sediments and new system needs to be produced. It also was the first literature to talk about 

using bender element in geotechnical applications. 

Dyvik and Madshus (1985) verified the consistency between maximum shear modulus 

tested from bender elements and resonant column. They made extensive applications of 

bender elements possible because the establishment of correlation between bender elements 

and traditional method. The consistency of ὠ measurement gotten from bender elements 

and direct stress-strain method was verified by Boulanger et al (1998). 

Lee and Santamarina (2005) investigated four aspects with bender element installation. 

Due to electromagnetic coupling through soil, electrical crosstalk is a major problem related 

to conductive soils such as wet clays. As they stated, crosstalk vanishes when two 

parallel-type elements are used (external electrodes on both elements are connected to 

ground). Next problem they considered is the mixed radiation from both p and s waves. P 

waves reflected from cell walls can interfere with the arrival of S wave, which leads to the 
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careful consideration of specimen height to radius ratio in experimental design. For dealing 

with near field effects, they suggested using signal matching technology. A final issue is the 

uncertainty to detect first arrivals, they investigated and concluded that using cross-relation 

method is the preferred one.  

Using bender element to assist triaxial tests is a common application: 

Sharma and Baxter (2012) conducted drained and undrained triaxial compression tests on 

weakly cemented sand implemented with shear wave velocity measurement and concluded 

that shear wave velocity is mainly influenced by major principal effective stress during CD 

tests and minor principal effective stress is dominant during CU tests. Furthermore, shear 

wave velocity peaks before the full strength is mobilized, which indicates bond breakage in 

cemented soils and possibilities to use ὠ to monitor geotechnical structures.  

With measurement of shear wave velocity, Airey and Mohsin (2005) investigated 

degradation behavior of man-made carbonate cemented sand and established a unique 

relation between rate of cement degradation and plastic shear strain.  

Making use of bender elements and cross correlation between input and output signals, 

Airey and Mohsin (2003) create a triaxial system to estimate Ὃ  with lower cost 
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compared to traditional method. But the limitations with several peaks using cross correlation 

method make a visual check necessary during testing. 

Chan (2010) discussed the identification of shear wave arrival time using different 

methods and found that picking of the arrival time in time domain was equally good with 

method in frequency domain with the advantage of being easier and faster. 

Brandenberg et al. (2008) developed a bender element system applied to centrifuge 

models. In their researches, high quality signal is obtained by use of signal stacking and 

digital filtering, which enable the bender elements system to be used at centrifuge model 

spinning at 20-g with acquisition of high quality data. 

Other researchers also apply bender element system to evaluate liquefaction resistance 

(Zhou and Chen 2007), the onset of liquefaction (Lee and Santamarina 2007) and sample 

anisotropy properties (DeGroot and Landon 2006). 

Traditionally, bender element system was used at relative static environment and signals 

from transmitter and receiver are easily to be analyzed, however, when background is noisy, 

stacking and filter technology is necessary.   
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Signal to noise ratio can be improved by stacking, in conventional stacking, the waiting 

time for an secondary reflections to die out is necessary, Brandenberg et al. (2008) introduce 

a fast stacking technology with varying interval between consecutive pulses, which makes 

the acquisition of high quality signals possible even if consecutive pulses are excited 

successively.  

Previously, bender element was mainly used on relative mild soil-water system, under 

aggressive environment, intensive electromagnetic crosstalk can prevent accurate shear wave 

velocity measurement. Using microbially induced calcite precipitation to mediate sand with 

bender element monitoring, Montoya et al. (2012) discussed the fabrication, operation, and 

health monitoring of bender elements for aggressive environments. From their researches, 

parallel Y-poled piezoelectric transducers with PVC cement waterproofing connected using 

shielded twisted pair cable are recommended. When talking about operation, square signal 

with first cross-over to interpret first arrival was used. Their plans for bender element 

installation have been implemented successfully at modified triaxial bender element tests for 

microbial induced calcite cementation (Mortensen and DeJong 2011).  
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2.5  Numerical investigation of sand 

2.5.1 Clean sand investigation by DEM 

In a granular medium, the forces are transferred through interparticle forces, which are 

difficulty to measure in real experiments and must be estimated from boundary conditions. 

However, the microstructure of granular materials is very important to understand 

mechanical properties of granular material.  

Some researchers have developed destructive and non-destructive techniques to study 

granular medium microstructure. Specimen solidification followed by slicing and 

microscopic is the predominant destructive method. Using resin-impregnation and digital 

image analysis techniques, Kuo and Frost (1996) analyze the uniformity of granular sample 

at microscopic and macroscopic scale. Some nondestructive methods, such as magnetic 

resonance imaging (MRI) (Ng and Wang 2001) and X-ray Tomography technique (Wang et 

al. 2004; Batiste et al. 2004), have also been developed.  

Although researchers has provided applicable measurement techniques to explore 

microstructure of granular materials, laboratory tests as mentioned above are hard to perform 

and time consuming. Discrete element method (DEM), which was originally proposed by 

Cundall and Strack (1979), is believed to be an effective method to provide satisfactory 
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information about interparticle forces and microstructure evolution. As a numerical method, 

the samples with identical initial state can be used for varying loading and stress path. 

Furthermore, any inter-particle information are accessible during any stage of numerical 

testing. Along with development of computational techniques, the DEM method has been 

widely applied in simulating of laboratory test and simplified field problems. Currently, it is 

difficult to apply DEM to large-scale problem, however, Cundall (2001) suggested that this 

can be solved due to further development of computer soft and hard ware and finally particle 

methods will replace the continuum methods in soil and rock modeling in the future.  

Using DEM, many researchers has explored the behavior of pure sand. Evans et al. (2009) 

investigated the grain size distribution effects in 2D discrete numerical experiments.  

Considering the inflexibility of wall structure in DEM, Evans and Frost (2008) created 

the flexible particle chains to simulate the rubber membrane effects in physical experiment. 

They concluded that the effects of membrane confinement on mechanical behavior are 

significant and should be addressed in biaxial numerical test.  

Using a two stage resin impregnation techniques, microstructure mechanics from 

physical plane strain tests were compared with the microstructure evolution from DEM 

biaxial test (Frost and Evans 2010). They investigated the local void ratio distribution in 
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physical and numerical specimen and validated that the discrete element method is a 

beneficial tool for the investigation of microstructure.  

Bardet and Proubet (1991) developed a two-dimensional code to investigate the shear 

bands in numerical biaxial test and found the rotation of grains, gradient of particle rotation 

are concentrated inside the shear bands. In another work of Bardet (1994), he showed the 

effect of particle rotations on shear strength is significant, although its effect on elastic 

properties is little.  

Using MDEM, which was modified to take into account of rolling resistance, Iwashita 

and Oda (2000) observed the micro-deformation mechanism of shearing band in biaxial test. 

They concluded that column-like structure are formed in the hardening process up to failure 

in a biaxial numerical sample; and in the following strain softening process after the peak, the 

column-like structure buckled to form large voids(shear bands) between buckling columns. 

Finally, the microstructure reaches a dynamically stable state (residual state or critical state).  

The researches as mentioned above mainly concentrate on biaixial tests. Some 

researchers also made progressive development in triaxial, plane strain and direct shear tests 

simulation.  
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Thornton (2000) simulated axisymmetric compression tests in a periodic cell and 

presented excellent qualitative agreement between discrete element simulation and real 

experiments. Other kinds of simulation, such as constant deviatoric strain test and multiaxial 

plane strain test, are conducted to demonstrate the versatility of DEM.  

Suiker and Fleck (2004) found the strong effect of Coulomb friction on sliding and 

rolling between particles by a discrete element model, which showed consistency with the 

experiment results from traxial tests.  

By simulating the triaxial experiment on specimen of steel spheres, Cui et al. (2007) 

conducted micro-scale analysis using DEM. Furthermore, they emphasized the importance of 

periodic boundaries to maintain grain-grain contact network continuously.  

Belheine et al. (2009) carried out a 3D discrete element simulation on triaxial tests with 

the consideration of rolling resistance and concluded that larger rolling resistance would 

always create higher peak stress.  

Ni et al. (2000) investigated the effect of particle shape and size on soil behavior using 

PFC-3D code in the shear box test. In their research, the particles are modeled by clusters of 

strongly bonded spheres, which were found to create interlocking effect when the particles 
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became less spherical. Besides, the size of particle relative to the shearbox affected both the 

peak and residual friction angle significantly. However, when the number of particles 

exceeds 30,000, the size effect became less marked.  

Jacobson et al. (2007) also investigated the specimen size effects for direct shear test 

using PFC-2D code and suggested that the L/d 10 criterion for specimen size from ASTM 

may be inappropriate when localized shear band is the research issue.  

Other researchers, such as Zhang and Thornton (2007), Cui and O'Sullivan (2006), and 

Masson and Martinez (2001), also investigate the macro and micro response of granular 

medium in direct shear test.   

Using PFC3D (Itasca 2008), Zhao and Evans (2009, 2011) investigate the mechanical 

properties of granular soils under triaxial, plane strain and direct shear loading states and 

showed that the DEM is capable of simulating varying loading conditions successfully after 

the calibration of a DEM model. Furthermore, particle rotation is applied to characterize 

strain localization in their research and other microstructure parameters, such as normal 

contact force, void ratio, coordination number, are used to explore the effect of anisotropy on 

critical state line.  
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Other loading conditions, such as plain strain (Suiker and Fleck 2004; W. Powrie et al. ), 

simple shear (Oda and Konishi 1974), are also simulated by DEM.  

Visualization of 3-D numerical sample is another research concern for microstructure 

analysis. Evans et al. (2009) developed a computer program to virtually slice 3-D numerical 

samples from simulation. Based on numerical slices, they also made a direct comparison to 

the two dimensional slices from physical specimen, which make it possible to calibrate 

numerical model from the view of 3-D microstructure. The progress can lead to improved 

confidence in the simulation of granular medium by DEM. (Meier 2008) also present a 

visualization tool to illustrate particle interaction at micro-scale.  

 

2.5.2 Cemented soil simulation by DEM  

Yin and Dvorkin (1994) employed glass beads cemented by epoxy to explore the effect 

of cementation to grain strength. They showed that the cementation is more powerful if 

deposited at particle contacts, which increases the effective contact area and thus distributes 

contact stresses more uniformly. This effect even holds true even when the cementation 

content is lower. Yves et al. (1992) also suggested that the amount of cementation is less 

important than the location where it is deposited. Precise deposition of cement at the particle 
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contacts is important to prevent sliding and rotation of grains and thus increases material 

strength.  

Jiang et al. (2006) developed a two dimensional DEM code considering the effect of 

bond rolling resistance to the yield of cemented granular material and verified that the 

existence of bond rolling resistance increases yielding stress and friction angle, and leads to 

more brittle behavior. They suggested that for a more realistic numerical simulation, the 

rolling effect of bonds should be considered. Using both PFC-2D model and Jiangôs model, 

Jiang et al. (2011) conducted numerical biaxial tests and obtained good agreement with 

experimental data.  

Wang and Leung (2008) investigated the mechanical properties of cemented Ottawa 

20-30 sand by experimental and numerical method. They used PFC-2D code to simulate 

biaxial tests, which are compared to the results from physical triaxial tests. To model the 

flexible membrane boundary in real test, a string of uniformly sized particles are employed. 

From the macro response of physical and numerical samples, they found that cementation 

hindered dilatancy at small strains; after yielding, dilantacy increases but bond breakage also 

increases. On one hand, the dilantacy causes strength increases; on the other hand, bond 

breakage leads to strength reduction. The peak strength is gotten when the decementation 
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effect is compensated by dilation effect. After the peak strength, numerous bond breakage 

take place. The compensation for strength from dilation is lower than the loss from the 

decementation, and thus the strength is lower than the peak value. From the microstructure 

view, authors showed that most of the bond breakage occurs inside the shear band, in which 

the particle rotation, local porosity and force concentration is higher than that outside the 

shear band. Compared with uncemented sand, the force chain network in cemented sand is 

more stable and the force concentration is also smaller, the reason should be the bonded 

cluster formed in cemented sand, which reduce the risk of force-chain buckling and higher 

strength is achieved.  

Estrada et al. (2010) investigated the stress-strain properties of cemented material under 

simple shear loading using contact mechanics simulation. In their research, cementation is 

modeled as a combined effect, including tensile strength, sliding friction and rolling 

resistance. After the rupture of bonds, the contact effect from cementation only turns to pure 

friction. They observed that the yield surface for cemented material presents a concave shape, 

which is a typical form of loose cohesive granular medium. They also showed that the 

dilation angle of granular material is a parameter depends on confining stress, unless the 

packing of granular material is very dense.  They suggested that the relation of void ratio 
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from global measurement to physical properties of granular sample should be questioned if 

the soil sample is shearing with localized strain. It was also shown that two contact networks 

coexist in cemented granular material. One contact network oriented along the major 

principal direction to carry compressive forces; the other one are perpendicular to the 

principal stress direction to carry tensile forces. From the view of micromechanics, they 

found that the macro yielding process occurs along with the presence of large mobilized 

region that percolates through the specimen.  

 

2.6  Discussion 

From the literature review, traditional cemented sand has been extensively investigated 

by both static and dynamic experiment. The effect of cementation on improving the strength 

and stiffness of soil is significant. However, as a new improved method to mediate soil 

properties, bio-cemented sand has not been explored deeply and widely on its mechanical 

and physical mechanism. As stated by Ismail (2002), different cementation type may cause 

different mechanical response of soil, so there is the need to explore the behavior of MICP 

cemented sand and to compare it with other traditional cemented soil. Although DeJong 

(2006) reported that the MICP cemented sand have similar response as that of gypsum 
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cemented sand under triaxial undrained compression condition, more tests under varying 

boundary states are needed. Many of previous research concentrated on environmental and 

chemical factors effect to bio-cemented soilôs performance. A systematic research about 

mechanical response of bio-cemented sand is needed. Specifically, the stress-strain behavior 

of bio-cemented sand, including effects to the yield locus and critical state, should be 

evaluated as well as the effects of unloading on the stress-strain behavior. 

Numerous previous works has been conducted on the discrete element simulation on pure 

sand materials. Although cemented sand has already been modeled by several researchers, 

their work mainly focused on the numerical model by 2-D simulation, which is thought to be 

not a real experiment form in laboratory. Further development is needed to give cemented 

soil in 3-D numerical experiments, which are conducted in this thesis. The beauty of discrete 

element method lies in giving insight into the inter-grainsô microstructure or contacts, which 

are believed to control the macro response of granular material. Attentions in this thesis are 

given to the microstructure evolution of uncemented and bio-cemented samples. Along with 

SEM analysis, both experiment and numerical microstructure of cemented samples are 

gained and compared.  
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One important application of cemented soil is to reduce liquefaction potential. As a novel 

ground improvement method, the ability of bio-cemention to mitigate liquefaction has not 

been understood well. Previous researches has gathered lots of laboratory and filed 

experience to use traditional cemented sand to resist dynamic loading. The difference and 

similarities between bio-cemented soil and traditional soil are in demand to establish.
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3 CHARACTERIZATION OF  MICP CEMENTED SANDS UNDER 

MONOTONIC  LOADING  

3.1  Introduction  

Natural soils are often weakly bonded and the presence of cementation plays an 

important role in their responses. The responses of artificial ly cemented soils, such as 

Portland Cement soil or Bio-mediated soil, are controlled by the cementation medium 

implemented. The behavior of cemented soils lies in an intermediate area between 

uncemented soils and rocks based on their mechanical behavior. The traditionally 

elasto-plastic models derived from clean sand experiments do not work for cemented sand, 

since cementation becomes the controlling factor to the occurrence of yield state (Airey 1993, 

Malandraki and Toll 2001).  

As a novel artificially cemented material, microbial induced calcite cemented sand may 

present different mechanical responses compared to traditional man-made cemented material, 

e.g. Portland Cemented sand, since cementation type could have effect on stress strain 

properties of cemented soils (Ismail et al. 2002).  
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Although some researchers have verified the effectiveness of MICP cemented soil to the 

increase in shear strength or stiffness under soil column test, unconfined compression tests, 

triaxial tests and centrifuge tests, investigating the yield and critical states of the 

bio-cemented sand has not been attempted to date. In this Chapter, three groups of MICP 

cemented sand with varying bio-cementation level are designed for conventional triaxial tests 

and 1-D compression tests. Each group also has three confining pressures setup. 

Corresponding testing of untreated sand are also conducted as the control group. Finally, 

with a deep understanding on the behavior of MICP cemented soil, the characteristics of it 

are compared to Portland cement treated soil and naturally cemented soil.  

 

3.2  Influence of confinement and cementation level on the behavior of MICP 

cemented sands under monotonic drained loading 

Microbial induced calcite precipitation (MICP) is a novel ground improvement method to 

increase strength and stiffness of sand using natural biogeochemical processes. Cementation 

level and confining pressure are two important factors that control the behavior of MICP 

sand. The monotonic mechanical response of MICP cemented sand is systematically 

investigated using four cementation levels (untreated, lightly treated, moderately treated, and 
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heavily treated) and three levels of effective confining pressure (100 kPa, 200 kPa, and 400 

kPa). The results indicate that the stiffness, peak shear strength, and dilation increases with 

increase in calcite content at a given effective confining pressure and the dilation is 

suppressed with increase in effective confining pressure. This behavior is consistent with 

soil-like behavior; therefore, all the MICP soils presented herein are evaluated using critical 

state soil mechanics and not an analogous fracture mechanics framework. The experimental 

results also indicate that the improvement in peak and residual friction angles and initial 

elastic modulus, Ei, are dependent on the levels of cementation and effective confining 

pressure. The uniformity of MICP cementation in the laboratory specimens is also discussed. 

 

3.2.1 Background on MICP stress-strain behavior 

Microbial induced calcite precipitation (MICP) is a novel ground improvement method 

that utilizes natural soil bacteria to induce cementation in situ in an innocuous and 

cost-effective manner (DeJong et al. 2013). The precipitation of calcite in the MICP process 

is a biochemical depositional process, which resembles the formation of natural cementation 

(Molenaar and Venmans 1993). Through urea hydrolysis induced by ureolytic soil bacteria 

calcite is precipitated at soil particle contacts (DeJong et al. 2006). Sand improved through 
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MICP has been shown to demonstrate an increase in shear strength (DeJong et al. 2006; 

Chou et al. 2011; Chu et al. 2012), stiffness (Mortensen and DeJong 2011; Martinez et al. 

2013), and dilative tendencies (Montoya et al. 2013), and a reduction in settlement (DeJong 

et al. 2009; Feng and Montoya 2014). In addition, MICP has the potential to improve large 

spatial areas of sand (van Paassen et al. 2010) and has the potential to be assessed using in 

situ techniques such as cone penetration tests (Burbank et al. 2013). These results have 

advanced MICP towards field implementation; however, before MICP can be implemented 

in situ, a deeper understanding of its constitutive behavior is necessary. 

MICP cemented sands have shown that they transition from a soil-like material, where 

the shear strength and stiffness are dependent on the confining stress, to a rock-like behavior 

with a sufficient increase in cementation, where the shear strength and stiffness are no longer 

dependent on the confining stress when the confining stress ranges from values of about 25 ï 

400 kPa (Montoya et al. 2013). Therefore, the confining pressure and level of cementation 

both have marked influence on the behavior of MICP cemented sands. Previous studies have 

illustrated the behavioral dependence on confinement for MICP cemented sands using direct 

shear tests with confining stresses ranging from 5 to 40 kPa (van Paassen et al. 2012, Chou et 

al. 2011). In order to expand the understanding of MICP cemented sand behavior for a 
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broader range of applications, higher confinements need to be evaluated. In this paper, the 

behavior of MICP cemented sand subjected to drained monotonic loading is investigated 

using four cementation levels (i.e., untreated, lightly, moderately and heavily cemented) 

under higher varying effective confining pressures (i.e., 100 kPa, 200 kPa and 400 kPa). 

Drained triaxial loading is chosen to eliminate the influence from pore pressure generation 

during undrained loading. The resulting stress-strain curves and volumetric strain behaviors 

are presented. Peak and residual strength properties of MICP cemented sand are analyzed. 

Initial elastic modulus is evaluated as a function of cementation content and effective 

confining pressure. Finally, the cementation uniformity, based on the treatment procedure 

presented herein, is also evaluated along the specimen length.  

 

3.2.2 Soil and cementation methods 

Ottawa 50-70 sand was used in the tests presented herein, which has a compatible particle 

size compared to the size of bacteria used in this research (DeJong et al. 2006). Table 3.1 

summarizes the grain size characteristics of Ottawa 50-70 sand. 

Sporosarcina pasteurii (American Type Culture Collection, ATCC 11859), a common 

alkaliphilic soil bacteria, was the biological organism used to induce urea hydrolysis. To 
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grow the bacteria to the desired population density, an ammonium-yeast extract media 

(ATCC 1376) was used, which consists of 20 g/L of yeast extract and 10 g/L of ammonium 

sulfate ((NH4)2SO4) suspended in a 0.13 M Tris buffer at a pH of 9. The growth media was 

inoculated with the S. pasteurii stock culture aerobically at 30 °C in a shaking incubator at 

200 rpm until the desired optical density was reached, ὕὈ  Ū 1.0 (approximately 40 

hours before harvesting). The suspended culture was then centrifuged at 4000 g for 15 

minutes. The supernatant was removed after the centrifuge period and replaced with fresh 

growth media. Finally, the desired bacteria were stored in the centrifuge vials at 4 °C until 

used. Further details on preparing the bacteria for MICP treatments in sand can be found in 

Mortensen et al. (2011). 

During the cementation treatment, a two-phase injection strategy was used: an initial 

biological injection, followed by multiple cementation injections. During the biological phase, 

the bacteria were inoculated into the soil specimens at a constant flow rate of 10 mL/min 

using a peristaltic pump. The bacteria were then retained in the soil pore space for a period of 

at least 6 hours to allow the bacteria to attach to the sand particles. In the second phase, the 

cementation media was introduced into the soil specimens at the same flow rate. The 

chemical recipes for biological and cementation injection phases are listed in Table 3.2. 
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Cementation media was injected to the soil specimen multiple times until the desired 

cementation level was achieved (typically 10 ï 40 cementation injections).  

 

3.2.3 Experimental details and procedure 

Soil specimens were prepared by dry pluviation to target relative densities, DR, (loose, 

DR 40%, and dense, DR 75%) before a confining pressure was applied. Triaxial specimens 

with a diameter of about 72 mm and height of about 145 mm were prepared. After specimen 

preparation, a small amount of vacuum was applied to the soil pore space via the triaxial cell 

back pressure ports. At this time, the split mold was removed and the actual height and 

diameter of the specimen was determined. The actual initial relative density of the specimens 

is listed in Table 3.3. The vacuum applied to the pore space of the specimens was slowly 

removed as the cell pressure was applied to ensure that the specimens were not over 

consolidated.  

Before cementation treatments were conducted, the specimens were seated under 

confining pressure (100kPa, 200kPa, or 400 kPa) for a period of time to ensure cell pressure 

was stable (e.g., no reading variation in the pressure panel). After that, the biological and 

cementation injections were conducted as mentioned above. To monitor the bacteria activity 
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during treatment, the pH of the effluent in each treatment was measured. Using the 

cementation media in Table 3.2, a pH value around 9 indicates the urea has been consumed 

by the bacteria and the pore fluid remains alkaline (i.e., positive conditions for the 

cementation process). Typically for the soil specimens presented herein, the activity of the 

bacteria began to decrease after 6 to 8 injections of cementation media; this was monitored 

by a drop in effluent pH below a pH value of 8. Once this decrease in bacterial activity was 

observed, a small amount (about 2 mL) of suspended bacteria was injected with each 

cementation injection to maintain the bacterial activity. This process, called ñbio-dosingò, is 

fully explained in Martinez (2012). 

Different durations of cementation treatments were conducted to achieve different 

cementation levels. For lightly cemented sand (Table 3.3), around 10 cementation injections 

were performed. About 20 cementation injections were performed for moderately cemented 

sand and 40 cementation injections for heavily cemented sand. In this paper, light 

cementation is defined as an average cementation level below 1.5% by mass; moderate 

cementation is defined as an average cementation level from 1.5%-3.5%; and heavy 

cementation indicates an average cementation level above 3.5%. These ranges are consistent 
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with results from previous work (Burbank et al. 2013; Montoya et al. 2013). The cementation 

content was determined using the acid washing method discussed below. 

After cementation, the effective confining pressure was held constant during the 

remaining phases of the drained triaxial test. The back-pressure saturation was applied to 

achieve a B value of 0.95 or higher. The specimen was sheared at a rate of 2.5% axial strain 

per hour to a maximum strain of 25%. Note that some of the tests were terminated before a 

strain of 25% was reached due to water leakage from the triaxial chamber. 

After the shearing stage of the triaxial test, a vacuum was applied to the pore space of the 

specimen. The specimen was divided into six evenly spaced sections along the height of the 

specimen. During dissection of the specimen, each section is carefully removed to ensure an 

accurate representation of the cemented sand at that sample height. The oven-dried mass of 

the each section was recorded before and after acid washing (1 M HCl). The dissolved 

calcium carbonate and acid solution was rinsed multiple times allowing the dissolved salts to 

be rinsed from the soil. The difference between the two measured masses was taken as the 

mass of calcium carbonate and the percentage of mass of calcium carbonate is expressed as 

the mass of calcium carbonate divided by the mass of the soil (Mortensen et al. 2011).  
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A representative sample of moderately cemented MICP treated sand was collected after 

shearing and saved for microscopy imaging. Scanning electron microscopy (SEM) images 

and energy dispersive X-ray spectra were collected using a Hitachi S3200N Variable 

Pressure Scanning Electron Microscope. Before imaging, the specimens were coated with a 

gold/palladium alloy to reduce charging while imaging. 

 

3.2.4 Results and discussions 

Behavior of Cemented Sand under Varying Cementation Levels 

A series of untreated drained triaxial compression tests were performed under varying 

initial relative densities and confinements. As expected, denser specimens exhibit higher 

strength, stiffness and dilation compared to looser specimens. With the increase of effective 

confining pressure, an increase in strength is obtained, and the volumetric deformation 

behavior transitions from dilative to contractive. The response of the untreated specimens is 

plotted as a reference to compare the treated soil in the following figures. Note that the 

Cambridge definitions of deviatoric stress and mean effective stress are used herein are 

ή „ „ȟ and ὴ „ ς„ Ⱦσ. 
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The strength and deformation response of untreated sand and MICP treated sand under 

100 kPa effective confining pressure is illustrated in Figure 3.1. Three untreated specimens, 

namely loose, medium dense, and dense sands, are presented for comparison. The MICP 

treated specimens have a similar initial relative density compared to the loose untreated 

specimen (Table 3.3). The results illustrate that for untreated sand a denser initial soil state 

leads to a higher strength, as expected (Figure 3.1a). The MICP cemented specimens result in 

a higher strength compared to the untreated sand of similar initial relative density. In addition, 

the peak strength of the MICP cemented sand increases with the increase of cementation 

level. The residual strength of the MICP cemented sand with 0.9% cementation is close to 

that of the untreated sand with a similar initial relative density. However, the cemented sand 

specimens with 3.0% and 4.3% cementation exhibit a higher residual strength. The increase 

in residual strength is likely due to the increase in particle roughness from the calcite 

minerals and the degraded calcite mineral fines from shearing (Montoya and DeJong 2015). 

Both of these effects would influence the residual strength and both effects would be more 

prominent with an increase in cementation levels. As the cementation level increases from 

0.9% to 4.3%, strain-softening behavior also becomes more pronounced. 
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The volumetric behavior of the MICP cemented sand demonstrates an increase in dilation 

compared to the uncemented sand of similar initial relative density (Figure 1b) (note that 

negative volumetric strain indicates dilation). However, the dense untreated sand experienced 

the largest negative volumetric strain. At an axial strain of 15%, the untreated dense 

specimen obtained about 5.5% negative volumetric strain, whereas heavily cemented sands 

only presented about 3% dilative volumetric strain at same level of axial strain. The higher 

the cementation cement, the larger and faster the initial dilative tendency was observed. But 

after 15% axial strain, the volumetric strain of cemented soil tends to be the same. (Note that 

for 0.9% and 4.3% MICP treated sand, about 25% axial strain was obtained, although only 

the response to 15% axial strain was shown in Figure 3.1.) 

Similar strength and deformation trends were observed for the MICP cemented 

specimens sheared with the effective confining pressure of 200 kPa and 400 kPa (Figure 3.2 

and Figure 3.3, respectively). An increase in the level of MICP cementation in the soil results 

in a larger stiffness, peak strength, residual strength, and dilative volumetric strain. This is 

clearly demonstrated in Figure 3.2. However, the confining pressure appears to have a larger 

influence on soil behavior than the level of cementation at a confinement of 400 kPa (Figure 

3.3). The specimen with 1.4% cementation content demonstrates a higher small-strain 
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stiffness but similar peak and residual strength compared to the untreated specimen. This 

could in part be explained by the slightly denser initial state of untreated specimen (DR = 

48.4%) compared to the 1.4% cemented specimen (DR = 42.8%). In addition, the 5.1% 

cemented specimen presents similar stress-strain behavior compared to the 2.2% cemented 

specimen, although 5.1% cemented specimen demonstrated more gradual strain-softening.  

Effect of Confining Pressure 

The effect of effective confining pressure on the cemented soil response is evaluated by 

comparing the behavior of the specimens treated to the same level of cementation at varying 

confining pressures. The response of the MICP cemented sand under varying confinements is 

presented in Figure 3.4 to 3.6. Note that the void ratio, e, shown in these figures is the soil 

skeletal void ratio without considering the densifying (i.e., void filling) effect of MICP 

cementation. The corresponding behavior of the untreated sand is also shown for comparison. 

As expected, the cemented specimens always present higher strength and stiffness compared 

to uncemented specimens at the same confining pressure. The cemented sand under 100 kPa 

confinement demonstrated the largest brittleness after reaching peak strength. The cemented 

specimen under 400 kPa confinement showed a gradual softening after peak strength. The 

results also illustrate that higher confinement leads to a larger suppression of dilative 
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volumetric strain. Under 400 kPa confining pressure, the lightly cemented specimen 

demonstrated quite similar stress-strain behaviors compared to the uncemented specimen, 

although the cemented specimen presented dilative volumetric strain compared to 

compressive volumetric strain from the uncemented specimen. This implies that under higher 

confinement, light cementation has a limited influence to change the strength of sands; but 

light cementation can change the volumetric deformation behavior from contractive to 

dilative (Figure 3.4). In contrast, the moderately and heavily cemented specimens exhibit 

higher peak and residual stresses, even at high confining pressures of 400 kPa (Figure 3.5 

and Figure 3.6).  

 At a given level of cementation the stress-strain behavior of the MICP cemented sand is 

dependent on the level of confinement. This behavior is more obvious for the moderately and 

heavily cemented sands (Figure 3.5 and Figure 3.6, respectively). The calcite content of the 

moderately cemented specimens is relatively uniform, with average calcite values ranging 

from 2.2% to 3.0%; however, the peak shear stress mobilized increases significantly with an 

increase in confinement (Figure 3.5). The heavily cemented sand behavior is similar except 

for the specimen at 100 kPa confinement (Figure 3.6, specimen pôc=100, mc=4.3%). The 

specimen at 100 kPa confinement has a similar peak shear strength value compared to the 
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specimen at 200 kPa confinement even though the average calcite values are similar. The 

high shear strength for specimen pôc=100, mc=4.3% may be due to the non-uniform calcite 

content throughout the length of the specimen. The average calcite value of the specimen is 

4.3%; however the bottom of the specimen has much higher calcite values, up to about 6.5% 

calcite. The higher cementation level at the bottom specimen may have influenced the peak 

shear stress mobilized for the specimen. The uniformity of the cementation through the soil 

specimens is further discussed in a subsequent section. The resulting dependence of shear 

strength on confining stress is an indication that the soils tested herein remain ñsoil-likeò. 

The ñsoil-likeò behavior means that the MICP cemented soils are evaluated using critical 

states soil mechanics and not an analogous fracture mechanics framework, even at high 

levels of cementation. 

Peak and Residual Strength Parameters 

The relationship between the peak friction angle and effective confining pressure is 

illustrated in Figure 3.7a. It is noted that the peak friction angle is calculated when the peak 

strength was obtained on the stress-strain curve, and a cohesion strength parameter of zero is 

assumed. This assumption is reasonable at light levels of cementation; however, a cohesion 

intercept at higher levels of cementation is expected (Montoya and DeJong 2015). An 



 

 

 

57 

 

increase in cementation results in an increase in peak friction angle for all levels of effective 

confining pressure tested. With the increase of cementation level, larger peak friction angle is 

obtained. However, with the increase of effective confining pressure, the peak friction angle 

is suppressed. The largest peak friction angle, about 53 degrees, was obtained on heavily 

cemented specimen under lowest effective confining pressure tested (i.e., 100 kPa). Note that 

this specimen, pc=100, mc=4.3%, has a non-uniform distribution of cementation, as 

previously discussed, which may be influencing the determined friction angle value. The 

decrease of friction angle is more dramatic when effective confining pressure increases from 

100 kPa to 200 kPa than that from 200 kPa to 400 kPa. For the lightly cemented specimen 

under 400 kPa effective confining pressure, its peak friction angle tends to be close to that of 

uncemented specimen. 

Similarly, the relationship between residual friction angle and effective confining 

pressure is shown in Figure 3.7b. Note that the residual cohesion is assumed to be zero. The 

trend of the residual friction angle is similar to that of the peak friction angle; however, the 

largest residual friction angle was only 38 degrees, which is also obtained from heavily 

cemented specimen under 100 kPa effective confining pressure. The residual friction angle of 

lightly cemented sand is close to that of untreated soil. In contrast, the moderately and 
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heavily cemented soils demonstrate larger residual friction angles at all levels of confinement, 

which is likely due to the generated calcite fines and increased roughness. 

To assess appropriateness of the assumption that the cohesion is zero for MICP cemented 

sands, the strength envelopes are evaluated (Figure 3.8). The strength envelops are presented 

with coordinates of (s1 - s3)/2 versus (s1 + s3)/2, where the stress conditions can be 

represented by discrete points instead of a Mohr circle diagram (Clough et al. 1981). This 

approach was taken in order to compare the result of the MICP specimens to other results in 

literature (comparison not presented herein due to space limitations). The peak strength 

envelops for untreated and MICP treated soil are presented in Figure 3.8. The data for MICP 

treated soil was fitted and corresponding parameters are listed in Table 3.4. Due to limited 

data and relative large variation on peak friction angle of the specimens under different 

confinements, ranges for friction angle and cohesion of MICP treated specimens are 

presented. The lower bound of the friction angle was obtained using the minimum friction 

angle of three specimens under similar cementation level to fit envelopes (shown in Figure 

3.8); the upper bound was obtained restricting the cohesion to zero (not shown in Figure 3.8). 

The data illustrates that the cohesion increase for MICP treated soil is not significant for 

lightly and moderately treated soil and only the heavily treated soil obtains a cohesion of 59 
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kPa. However, the increase of peak friction angle of MICP moderately and heavily cemented 

soil, from about 33° to 40°, is significant. The large peak friction angle is assumed to be 

related to the particle bonding and increase in particle roughness during the biochemical 

cementation process.  

Based on the presented results, MICP cementation appears to have a large influence on 

the friction angle strength parameter, especially for moderately and heavily cemented sand; 

however, the effect of MICP on the cohesion strength parameter is limited, especially in 

lightly and moderately cemented sand. 

Initial Elastic Modulus  

The initial elastic modulus is evaluated for the MICP treated specimen at varying levels 

of cementation and confinement (Figure 3.9). For this analysis, the initial tangent modulus 

values are used and plotted versus confining pressure using log-log scales. Both initial 

modulus and confining pressure values are normalized by dividing by the atmospheric 

pressure, ὴ . Equation 3.1 (Clough et al. 1981) is used to fit the modulus and the 

corresponding parameters are shown in Table 3.4. 

Ὁ ὑὴ ééééééééééééééééééééééééééé.. (3.1) 
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in which Ὁ is the initial tangent modulus, K is the intercept at „ ὴϳ ρ, and n is the 

slope of the line. Note that in Table 3.4, the parameters (K=1680 and n=0.19) for lightly 

MICP treated soil were fitted through all three specimens under varying confinement. If only 

the data for the specimens under 200 kPa and 400 kPa were chosen to fit, the parameters 

would be K=1072 and n=0.58. If further tests are conducted, the final fitting parameters are 

likely to lie between these two trends. 

MICP cementation significantly increases the initial modulus (Figure 3.9). Furthermore, 

the slope of the modulus decreases with increasing MICP cementation, illustrating that the 

confining pressure has less of an influence on the modulus as the level of MICP cementation 

increases. These results are similar to those presented by Montoya et al. (2013), where they 

demonstrated that the shear stiffness became less influenced by the vertical effective stress 

with an increase in MICP cementation. 

Characteristics and Uniformity of the Precipitated Calcite 

When sands are treated in saturated conditions, MICP cementation tends to coat the sand 

grains with a preference to precipitate at the particle contacts (DeJong et al. 2010). This 

precipitation characteristic was observed using scanning electron microscopy (SEM) for a 

representative sample of a moderately cemented sand. An example of MICP cemented sand 
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grains is shown in Figure 3.10, where two silica sand grains are covered in small calcite 

minerals. The small amorphous granular structures of the calcite minerals are similar to those 

seen in other MICP-related studies (Fujita et al. 2000, Martinez and DeJong 2009). The 

magnification of the images increases from 500x (Figure 3.10a) to 5,000x (Figure 3.10d), 

with the focus of images at the particle contact and the calcite minerals bonding the two sand 

grains together. Energy dispersive X-ray spectra were also collected on the MICP-treated 

sands, and the spectra indicated the elements present include, in decreasing order of 

abundance, calcium, silicon, oxygen, and carbon. These are the elements expected for the 

silica sand grains and calcium carbonate minerals. Gold and palladium were also present in 

the spectra in small amounts due to the gold/palladium alloy coating.  

In traditional soil laboratory testing, cemented soil is often prepared using a dry mixing 

method (Ismail et al. 2002; DeJong et al. 2006), which is believed to give a relatively 

uniform distribution of the cementing agent along the specimen height. Because the MICP 

cementation is induced through a bio-chemical injection method in the current laboratory 

tests, it is necessary to evaluate the cementation uniformity for MICP cemented soil. The 

variation of cementation level was evaluated along the height of the specimens (Figure 3.11). 

As stated previously, six sections were divided along the specimenôs height after shearing, 
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and the cement content is plotted at the average height of the section on Figure 3.11. For 

example, the height value of 0.5 was chosen for section number 1. Section number 1 is the 

one closest to the bottom of specimen and section number 6 is the one at the top. Note that 

the cementation variation for 0.9% cemented specimen under 100 kPa confinement was not 

obtained, but an extra test on 1% cemented specimen under 200 kPa confinement was 

obtained and its cementation variation was analyzed. 

As previously discussed, three cementation ranges were delineated and they are depicted 

as different segmented areas in Figure 3.11. Through this classification, the specimens in this 

paper were defined as lightly, moderately and heavily MICP cemented soil. Figure 3.11 

indicates that the variation in cementation is relatively uniformity through specimen height, 

though the cementation level near the bottom of the specimens tends to be higher than the 

average value. The exception to this trend is specimen pôc=200, mc=2.4%, which exhibits a 

high level of cementation at the top of the specimen. There was no difference in treatment 

process for this specimen; therefore, the high cementation level near the top of the specimen 

is unclear. The higher concentration of cementation at the bottom of the specimen can be 

explained by the direction of flow during the biological injection. The bacteria were injected 

into the specimen through the bottom drain lines of the triaxial cell, and the media flowed 
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through the soil from the bottom to the top. As the bacteria travel through the pore space of 

the sand, they are filtered through the sand with generally a log-linear reduction of microbe 

concentration along the injection path (Ginn et al. 2002). Therefore, a larger concentration of 

the bacteria is retained in the soil at the bottom of the specimen compared to the top. The 

larger concentration of bacteria leads to a higher level of cementation (DeJong et al. 2009). 

Similar cementation distributions were reported by Martinez et al. (2013).  

Discussion 

The results of the triaxial testing illustrate that the behavior of the MICP cemented sands 

is dependent on both the level of cementation and the confinement of the specimen. The 

constitutive behavior also illustrates that the strain softening behavior is generally gradual; 

this behavior has not been fully illustrated in previous MICP-related research and is different 

than published results on chemically cemented sands using Portland cement (e.g., Clough et 

al. 1981). The specimens treated to moderately and heavily cementation levels also 

experience higher residual strengths compared to the uncemented sands; this is likely due to 

the increase in particle roughness from the calcite minerals coating the sand grains, as 

illustrated in Figure 3.10, and the degraded calcite mineral fines generated during shearing. 
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This improvement in strength, even at significant levels of strain, has impacts on the possible 

applications for MICP ground improvement. 

 MICP treatments have many potential applications for in situ implementation. Light 

levels of MICP cementation are representative of environmental applications, such as heavy 

metal immobilization (Fujita et al. 2008). Research on immobilizing heavy metals has 

focused on the bio-geochemical aspects of MICP; however the results presented herein can 

give insight into the changes to the mechanical properties of the soil at light levels of MICP 

cementation. Other geotechnical applications may be more appropriate with higher levels of 

MICP cementation. Implementing MICP to reduce settlements beneath structures or improve 

the bearing of roadway subgrades can benefit from both the higher peak and residual 

strengths experienced at the moderate and heavy levels of MICP cementation. Furthermore, 

the level of cementation implemented in situ can be tailored to meet the required improved 

soil properties by varying the number or duration of cementation media injections. 

 

3.2.5 Conclusions from triaxial loading  

This paper has investigated the drained monotonic behavior of MICP treated sand under 

triaxial conditions with varying cementation contents and confinements. The uniformity of 
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cementation distribution along the specimen height is also discussed. The following 

conclusions are made: 

MICP treated sand shows a significant increase in stiffness, strength and dilative 

tendencies compared to untreated soil; higher stiffness, strength and dilative tendencies are 

obtained from the specimens with higher cementation levels; 

The behavior of the MICP cemented sands presented herein is dependent on the 

confinement; therefore, all the MICP cemented soils are evaluated using critical state soil 

mechanics and not an analogous fracture mechanics framework; heavily MICP cemented soil 

exhibits significant strain-softening, which is reduced with a decrease in cementation level or 

an increase in confinement; 

MICP treated sand demonstrates a larger peak and residual friction angle compared to 

untreated sand. The value of peak and residual friction angles increases with an increase in 

cement content and decreases with an increase in confining pressure; the effect of MICP 

cementation on the increase of cohesion is limited, especially in regards to the lightly and 

moderately cemented sands; 
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The initial modulus of the MICP cemented soil increases significantly compared to 

untreated sand and is dependent on the level of cementation; it also becomes less influenced 

by the confining pressure as the level of cementation increases; 

Using the treatment procedure presented herein, the treated specimens have a relatively 

uniform distribution of cementation along the specimen height, although the cementation 

content is higher for the sections close to injection ports. 

 

3.3  Cementation degradation of ▓ loaded MICP soils 

Microbial induced carbonate precipitation is a novel soil improvement method that has 

demonstrated potential to strengthen the ground in a sustainable and eco-friendly manner. 

Previous investigations have studied its mechanical behavior through conventional triaxial or 

soil column tests. However, there is limited information about the bio-cemented sandôs 

properties under Ὧ loading, which more closely resembles some in situ stress conditions. 

Using a modified consolidation cell with shear wave velocity monitoring via bender elements, 

the authors investigate the behavior of bio-treated sand under loading and unloading. The 

effects of cementation degree (shear wave velocity 350 m/s and 700 m/s after cementation) 

and initial densities (loose and dense) are explored through careful preparation of samples. 



 

 

 

67 

 

The results of the bio-cemented specimens under an incremental loading and unloading 

sequence are compared to that of uncemented sand at similar densities. 

 

3.3.1 Background on settlement behavior of MICP sands 

Microbial induced carbonate precipitation (MICP) is a novel ground improvement 

method that utilizes natural soil bacteria to induce cementation in situ in an innocuous and 

cost-effective manner (DeJong et al. 2010). Through urea hydrolysis induced by 

Sporosarcina pasteurii, a common alkaliphilic soil bacteria, calcite is precipitated between 

soil particles (DeJong et al. 2006; Mortensen et al. 2011; Burbank et al. 2013). Sand 

improved through MICP has been shown to demonstrate an increase in shear strength (Chou 

et al. 2011; Chu et al. 2012; DeJong et al. 2006; Whiffin et al. 2007), stiffness (Mortensen 

and DeJong 2011), and dilative tendencies (Montoya et al. 2013).  In addition, MICP has 

the potential to improve large spatial areas of sand (van Paassen et al. 2010) and has the 

potential to be assessed using in situ techniques such as Cone Penetration Tests (Burbank et 

al. 2013). 

When implemented in situ, the bio-cemented soil may not only experience the loading 

conditions investigated in the previously mentioned MICP studies (e.g. triaxial stress 
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conditions and unconfined compression conditions). Soil elements can also experience Ë 

stress conditions, such as beneath the middle of a large foundation. Previous research has 

investigated traditional artificially cemented sand under Ë conditions (Zhu et al. 1995; Yun 

and Santamarina 2005; Lee et al. 2010), but to date no studies have been conducted on 

bio-cemented sand under Ë loading. This paper will discuss the similarities and differences 

between uncemented and bio-cemented sand under Ë  loading, and between Portland 

cemented sand and bio-cemented sand under Ë loading.  

 

3.3.2 Materials and experimental design 

Ottawa 50-70 sand was used for testing. The grain size characteristics are summarized in 

Table 3.1. 

Sporosarcina pasteurii (American Type Culture Collection, ATCC 11859) was the 

biological organism used to induce urea hydrolysis. To grow the bacteria to the desired 

population density, an ammonium-yeast extract media (ATCC 1376) was used. The growth 

media was inoculated with the S. pasteurii stock culture aerobically at 30 °C in a shaking 

incubator at 200 rpm until the desired optical density was reached, OD600  1.0 

(approximately 40 hours before harvesting). The suspended culture was then centrifuged at 
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4000 g for 15 minutes. The supernatant was removed after the centrifuge period and replaced 

with fresh growth media. Finally, the desired bacteria were stored in the centrifuge vials at 

4 °C until used.  

Cementation media, comprised of urea and calcium, was used to induce calcite 

precipitation. A summary of components and concentrations are shown in Table 3.5. A 

modified consolidation cell with bender elements embedded within the end caps was 

manufactured for this research. The modified cell is shown in Figure 3.12.  

Soil specimens were prepared by dry pluviation to target relative densities (loose and 

dense) before a vertical seating pressure (e.g., curing pressure) was applied. The treated soil 

specimens were inoculated with the bacterial suspension by pumping the media into the soil 

through the top cap drain line (Figure 3.12) using a peristaltic pump. The media was allowed 

to fill the consolidation cell reservoir to establish a saturated condition, and was retained for 

approximately 4 hours to allow for bacterial attachment. Cementation treatments then began 

by following the same pumping procedure as the biological inoculation, and were repeated 

until the target shear wave velocity was obtained (ὠ = 350 m/s or 700 m/s).  

The cementation process was monitored real-time using shear wave velocity. The bender 

elements used to transmit and receive shear waves across the soil were manufactured by 
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PiezoSystems, Inc. and required special preparation for the highly conductive pore fluid 

conditions (Montoya et al. 2012). Shear wave velocity was determined by sending a signal 

consisting of a 5 volt, 100 Hz square wave to the sending bender element and the receiving 

bender element signal was monitored and recorded using an oscilloscope. The travel time of 

the shear wave is visually determined using the first arrival of the received wave. Tip-to-tip 

distance between the two bender elements is known from the specimen height; therefore, the 

shear wave velocity can be determined by dividing the distance between the bender elements 

by the travel time of the wave.  

Once the target shear wave velocity was reached, the consolidation pressure was applied 

by a series of incremental loading and unloading steps (18kPa, 36kPa, 72kPa, 144kPa, 

288kPa, 576kPa, 1152kPa, 576kPa, 288kPa, 144kPa, 72kPa, 36kPa, 18kPa). A summary of 

specimen characteristics is presented in Table 3.6. Note that the initial void ratio for treated 

sand is measured before the treatment. The modified void ratio has taken into account the 

effect of calcite filling the void space with assumption that the density of amorphous calcite 

is ~1.62 g/ὧά(Bolze et al. 2002). 

   After the loading/unloading cycle, the calcite percentage of treated sand specimens was 

measured through acid washing. The oven-dried mass of the soil from the consolidation cell 
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was recorded before and after an acid wash (1M HCl). The dissolved calcium carbonate and 

acid solution was rinsed multiple times allowing the dissolved salts to be rinsed from the soil. 

The difference between the two measured masses was taken as the mass of calcium carbonate 

and the percentage of mass of calcium carbonate is expressed as the mass of calcium 

carbonate divided by the mass of the soil.  

 

3.3.3 Results 

   Uncemented and Lightly cemented Sand 

As shown in Figure 3.13 and 3.14, the untreated loose and dense sands have similar strain 

responses under the prescribed loading sequence. The loose sand experiences slightly higher 

strains at higher loads (288 kPa and higher), and the loose sand exhibits slightly larger 

residual strains compared to the dense sand.  

Similarly, the lightly cemented loose and dense sands display near identical stress-strain 

responses, although the treated dense sand experiences slightly smaller vertical strains at 

higher loads (288 kPa or higher) and exhibits slightly larger residual strains when the loading 

reduces to 144 kPa and lower. The increase in particle contacts in the dense specimen allows 
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for an increase in cementation bonds; therefore, a higher degree of bond breakage and 

particle rearrangement during the unloading process may account for the increase in residual 

strain. 

The lightly cemented sands also exhibit smaller vertical strain compared to untreated 

sand under both loading and unloading stages (Figure 3.13). The maximum strains of the 

lightly cemented sands is about half of the uncemented sands, and the residual strains are 

about a third of the uncemented sands. This indicates that the bio-cemented soil not only 

experiences a reduction in strain (e.g., settlement) compared to the untreated soil, but it also 

recovers more of the strain during unloading.  

Figure 3.14 displays the void ratio variation trends for both the treated and untreated 

sands. Notice that the void ratio shown in Figure 3.14 is the modified void ratio as defined in 

Table 3.6. It is observed that the untreated sand shows a larger change in void ratio. For both 

the bio-treated loose and dense sands, a gradual change in void ratio was observed (i.e., no 

collapse mechanism). 
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   Loose Sand with Different Cementation Degrees 

Figure 3.15 and 3.16 illustrate the strain and void ratio responses for loose sand under 

different cementation levels. The loose sand with light cementation (0.2% mass of calcite) 

reduces the peak strain from 6.6% of untreated sand to 3.9%. At the higher cementation level 

(2.2% mass of calcite), the peak strain is decreased to 3.4%. Generally, the treated sand at the 

higher cementation level (2.2%) exhibits smaller strains compared to the specimen with light 

cementation (0.2%) at higher loading level (288 kPa or higher). However, the specimen with 

higher cementation displays slightly larger residual strains when unloaded (stresses of 144 

kPa or lower). A higher degree of bond breakage may account for the increased residual 

strain. 

Figure 3.16 illustrates the corresponding void ratio variation for loose sand under varying 

cementation level. It is noted that the treated sand with low or high cementation degree 

presents similar void ratio change trend under both loading and unloading stages. Both the 

lightly cemented sand (0.2%) and highly cemented sand (2.2%) show gradually change in 

void ratio.  
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   Peak and Residual Strain 

As shown in Figure 3.17 and 3.18, the peak and residual strains are plotted for every test 

conducted during this investigation. The peak strain is that obtained at largest loading (1152 

kPa), and the residual strain represents the strain obtained after the loading/unloading cycle is 

completed.  

Figure 3.17 demonstrates that the higher the cementation level, the lower the peak strain 

experienced. When the sand is treated to light cementation levels (0.2% or 0.7%), the 

specimens experience a significant improvement in regards to resisting settlement. When the 

specimen has a higher cementation level (2.2%), the peak strain is reduced further, though 

the incremental reduction in strain is not as significant as the improvement experienced from 

untreated to the lightly cemented specimens.  In addition, the loose sand at 0.2% calcite has 

similar peak strain as that of the dense sand at 0.7% calcite, indicating that the improvement 

from cementation has a stronger influence over the reduction in strains than that of increased 

density.  

Figure 3.18 presents the residual strain measurements as a function of cementation level. 

As expected, the untreated sand presents higher residual strain compared to treated sand. All 

three of the treated specimens display similar residual strains, even though the cementation 
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level ranges from 0.2% to 2.2%. This illustrates that bio-cementation reduces the residual 

strain effectively. Different cementation levels could lead to similar residual strains; however, 

highly cemented sand exhibits lower peak strain.  

 

3.3.4 Discussions  

The results of this study were compared to the investigations of Portland cemented sand 

from Yun and Santamarina (2005). In comparing the results, the collapse behavior observed 

with the loose Portland cemented specimens was not experienced in the bio-cemented 

specimens. As stated by Yun and Santamarina (2005), a significant void ratio reduction is 

observed for 2% and 4% Portland cemented loose soils when vertical stress reaches a 

collapse load. It is inferred that the higher void ratio (e.g. Ὡ ρȢρ due to interparticle 

capillary forces when preparing Portland cemented loose soil is one of the primary reasons 

for its collapse behavior. Using the bio-mediated technique described herein, gradual 

deformation occurs under loading because the initial void ratio of the soil skeleton does not 

increase during the cementation process. The process involved in the bio-induced calcite 

precipitation is a similar process to that of natural mineral deposition. From this point of view, 
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bio-mediated techniques may represent a more suitable method to investigate naturally 

cemented soils. 

A comparison of the K0-loading and triaxial testing results is made to assess the 

consistency between the observed modulus values. Specifically, the maximum modulus, 

based on the small strain measurements from the bender elements, and the initial modulus, 

from the stress-strain relationship, is compared for lightly cemented sand. Based on the 

recorded shear wave velocity from lightly cemented loose specimen (i.e., 0.2% cementation 

content), the calculated maximum shear modulus, Gmax, is 164 MPa. If we assume the 

poissonôs ratio for MICP cemented sands as about 0.29 (Weil et al. 2012), the maximum 

Youngôs modulus, Emax, is 424 MPa. The initial Youngôs modulus, E, for a lightly cemented 

loose specimen (i.e., 0.9% cementation content) from the triaxial testing results is 180 MPa, 

which was obtained at around 0.02% strain. Therefore, the ratio between the initial modulus 

and maximum modulus, E/Emax, is 0.42, which is a reasonable modulus reduction at a strain 

value of 0.2% based on typical modulus reduction curves.  

 



 

 

 

77 

 

3.3.5 Conclusions from ▓ loading 

The results presented herein indicate that bio-mediated sand demonstrated a reduction in 

settlement under ▓ loading and unloading. The bio-treated sand experiences a gradual 

change in void ratio during loading (e.g., no collapse), which is similar to the void ratio trend 

shown for untreated sand; however, the bio-treated sand has a lower ultimate change in void 

ratio. In addition, the higher the cementation level induced, the lower the peak strain obtained. 

In contrast, the effect of bio-cementation level to the residual strain is negligible. 

 

3.4  Comparison of MICP cemented sands, Portland cement treated soil and 

naturally cemented soil 

In this section, the monotonic loading behavior of MICP cemented sand is compared to 

those of natural cemented soil and traditionally artificial cemented soil, which can be found 

from preceding researches (e.g., Clough et al. 1981) 

In Figure 3.19, it is conducted the comparison between MICP treated soil and naturally 

cemented soil. Note that the y-axis in Figure 3.19 was stress ratio because the different 

confinement adopted by Clough et al. (1981). It appears that the naturally cemented soil 

presents higher peak strength. However, MICP heavily cemented soil only shows a close 
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strength as moderately cemented soil in nature. Note that cementation is not the only 

controlling factor for the strength properties. The naturally cemented soil has a dry unit 

weight about 17Ⱦά σͮ  , which is higher than the dry unit weight (15.5ὯὔȾάͮ σ  ) used for 

untreated sand in current research. Some other factors, such as fines content and aging effect, 

also increase the strength of naturally cemented soil.  The brittleness of naturally cemented 

soil increased with the increase of cementation level, which was also observed to MICP 

treated soil. The initial modulus of naturally cemented soil seems to be predicted well by 

MICP cemented soil. In regard to residual strength, all of specimens tend to reach similar 

residual value, though limited stress-strain data was provided on naturally cemented soil by 

Clough et al. (1981). 

Figure 3.20 is the comparison between the behavior of MICP and Portland cement treated 

soil under 100 kPa confining pressure. It is observed that MICP cemented soil present a 

lower strength compared to Portland cement treated soil. However, as also shown in this 

figure, the untreated sand in this paper shows different behavior as that of untreated sand 

used by Clough et al (1981). The lower peak strength for MICP soil could come from the 

lower strength of untreated sand adopted by the author. In regard of post-peak behavior, both 

kinds of cemented soil present increased brittleness with the increase of cementation level. 
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Due to the denser sand density (Ὀ χτϷ) used by Clough et al. (1981), the Portland 

cement treated soil present larger final dilation level; however, MICP cemented soil presents 

larger initial dilative rate. It is also shown that MICP cementation has a significant effect on 

the increase of initial modulus and its modulus is much higher than that from Portland 

cement treated soil, which indicates that Portland cement treated soils may lack the accuracy 

to capture the initial modulus of naturally cemented soil.  

All in all, it is concluded that the behavior of MICP treated soil generally comply with 

the properties shown by Portland cement treated soil, although MICP cemented soil has its 

advantage to capture and predict the initial modulus or small-strain behavior of naturally 

cemented soil. The biogeochemical deposition treatment procedure adopted in MICP treated 

soil, which is close to the formation reason of naturally cemented soil, may account for the 

good-agreement on the initial modulus of MICP cemented soil and naturally cemented soil. 

 

3.5  Summary 

Several groups of triaxial tests on MICP cemented sands have been conducted under 

varying cementation level and confining pressures. It is found that the effect of MICP 

cementation on soil behavior is significant. The higher the cementation level, the stronger the 
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cemented sand behaves. With the increase of confinement, the dilation rate of cemented sand 

at the early stage of shearing is reduced. It is also concluded that the uniform distribution of 

cementation along specimen height can be achieved by current treatment procedures, 

although the cementation content is higher for the sections close to injection ports. 

The results presented herein indicate that bio-mediated sand demonstrated a reduction in 

settlement under Ë loading and unloading. The bio-treated sand experiences a gradual 

change void ratio during loading (e.g., no collapse), which is similar to the void ratio trend 

shown for untreated sand; however, the bio-treated sand has a lower ultimate change in void 

ratio. In addition, the higher the cementation level induced, the lower the peak strain obtained. 

In contrast, the effect of bio-cementation level to the residual strain is negligible.  

Comparing the behavior of MICP treated soil to that of Portland cement treated soil and 

naturally cemented soil, it is found that MICP cemented soil resembles the small-strain (e.g., 

below 0.3% strain) behavior of naturally cemented soil. Both MICP cementation and 

Portland cement underestimate the peak strength from naturally cemented soil, which may 

relate to complex biogeochemical deposition process occurred naturally. 
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Table 3.1 Sand characteristics 

$ (mm) # # ' Å  Å  Shape 

0.22 1.4 0.9 2.65 0.55 0.87 Round 

 

 

 

Table 3.2 Chemical recipe of injection media 

Chemical Name Biological Injection 

Concentrations (mM) 

Cementation Injection 

 Concentrations (mM) 

Urea 333 333 

Ammonium Chloride 374 374 

Calcium Chloride 0 50 
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Table 3.3 Characteristics of the triaxial specimens 

Test Soil Confining 

Pressure 

 (kPa) 

Initial  

Relative Density 

(%) 

Average  

Cementation  

Level (%) 

 

 

Untreated 

100 74.4 0 

100 54.1 0 

100 44.7 0 

200 45.9 0 

400 48.4 0 

 

Lightly Treated 

100 44.4 0.9 

200 44.1 1.2 

400 42.8 1.4 

 

Moderately Treated 

100 45.3 3 

200 48.4 2.4 

400 44.1 2.2 

 

Heavily Treated 

100 46.6 4.3 

200 49.4 5.3 

400 48.4 5.1 
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Table 3.4 Strength and deformation parameters 

MICP Cementation level Range of 

Peak ű (degree) 

Range of 

Peak c (kPa) 

Modulus parameters 

K n 

Lightly 33 34 5 0 1680 0.19 

Moderately 37 38 9 0 2570 0.30 

Heavily 38 41 59 0 2850 0.26 

 

 

Table 3.5 Chemical recipe of cementation media 

Chemical Chemical Concentration(mM) 

Urea 333 

CaCl2 50 
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Table 3.6 Characteristics of 1-D compression samples 

Test 

Number 

Initial  

Void Ratio 

Modified  

Void Ratio 

Curing 

Pressure(kPa) 

Initial 

 ὠ (m/s) 

Mass of 

Calcite (%) 

1 0.751 0.751 / 138 0 

2 0.686 0.686 / 176 0 

3 0.751 0.745 18 330 0.2 

4 0.750 0.689 18 >705
a
 2.2 

5 0.684 0.664 18 353 0.7 

a
 The minimum readable time interval is 10 µs for the monitoring system used, therefore the 

maximum readable shear wave velocity is 705 m/s. 
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Figure 3.1 (a) Stress-strain behavior and (b) volumetric deformation of untreated and MICP 

treated sand with varying cementation levels under 100 kPa effective confining pressure. For 

each triaxial result presented, the initial density and mass of cementation, mc, is indicated 

(e.g., loose, mc=0.9% represents a loose specimen cemented to a calcium carbonate content 

of 0.9%). 
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Figure 3.2 (a) Stress-strain behavior and (b) volumetric deformation of untreated and MICP 

treated sand with varying cementation levels under 200 kPa effective confining pressure. For 

each triaxial result presented, the mass of cementation, mc, is indicated.  
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Figure 3.3 (a) Stress-strain behavior and (b) volumetric deformation of untreated and MICP 

treated sand with varying cementation levels under 400 kPa effective confining pressure. For 

each triaxial result presented, the mass of cementation, mc, is indicated.   
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Figure 3.4 (a) Stress-strain behavior (b) volumetric deformation (c) stress path and (d) e 

versus pô of untreated and lightly cemented MICP treated sand under varying effective 

confining pressures. For each triaxial result presented, the effective confining pressure, pôc, 

in kPa, and mass of cementation, mc, is indicated. 
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Figure 3.5 (a) Stress-strain behavior (b) volumetric deformation (c) stress path and (d) e 

versus pô of untreated and moderately cemented MICP treated sand under varying effective 

confining pressures. For each triaxial result presented, the effective confining pressure, pôc, 

in kPa, and mass of cementation, mc, is indicated. 
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Figure 3.6 (a) Stress-strain behavior (b) volumetric deformation (c) stress path and (d) e 

versus pô of untreated and heavily cemented MICP treated sand under varying effective 

confining pressures. For each triaxial result presented, the effective confining pressure, pôc, 

in kPa, and mass of cementation, mc, is indicated. 
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Figure 3.7 Friction angle as a function of effective confining pressure for the (a) peak and (b) 

residual friction angles.  

 

 

Figure 3.8 Peak strength data of treated sand with MICP and corresponding envelopes under 

varying cementation levels. 
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Figure 3.9 Initial modulus of untreated sand and MICP treated sand under varying 

cementation levels and effective confining pressures. 
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Figure 3.10 Scanning Electron Microscopy (SEM) images of moderately cemented sand 

illustrating the bonding of sand grains by precipitated calcite at magnifications of (a) 500x, 

(b), 1,000x, (c) 2,000x, and (d) 5,000x. 
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Figure 3.11 Cementation variation along the height of the specimen. For each specimen, the 

effective confining pressure, pôc, in kPa, and mass of cementation, mc, is indicated. 

 

    

Figure 3.12 Modified consolidation cell with bender elements 
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Figure 3.13 Stress strain relationship for untreated and  

treated sand at a low cementation level 
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Figure 3.14 Void ratio variation for untreated and  

treated sand at a low cementation level 
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Figure 3.15 Stress strain relationship for loose sand at varying cementation levels 
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Figure 3.16 Void ratio variation for loose sand at varying cementation levels 
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Figure 3.17 Vertical strain at largest loading level 

 

Figure 3.18 Vertical strain after loading/unloading cycle 



 

 

 

100 

 

 

Figure 3.19 Comparison of mechanical response  

between MICP cemented soil and naturally cemented soil 
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Figure 3.20 Comparison of mechanical response and deformation characteristics 

between MICP cemented soil and Portland cement treated soil 
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4   NUMERICAL MODEL OF MICP CEMENTED SANDS  

Recently, microbial induced calcite precipitated soil improvement (MICP) has emerged 

as a novel technique to increase strength and stiffness of soils. In this chapter, 3-D discrete 

element method simulations are proposed to explore the behavior of microbial induced 

calcite precipitated sands. Comparisons between numerical and physical samples are made in 

regards to stress-strain response, volumetric deformation and dilatancy characteristics and are 

used to verify that discrete element method is an effective way to capture the 

MICP-cemented soil mechanical response. Through microstructure analysis, such as 

meso-scale void ratio contours, the shear band was regenerated in the numerical specimens. 

It is found that denser uncemented soil is prone to show a shear band earlier than looser 

specimen and cemented soil with higher level cementation tends to have a clearer and thinner 

shear band at earlier shearing stage compared to that with lower cementation. 3-D 

visualization analysis of bond breakage pattern during shearing implies that the broken bonds 

are concentrating in a localized zone. Comparing to the cementation breakage estimation 

from physical specimen with the monitoring of shear wave velocity, the bond breakage 

pattern in numerical specimens is verified. The relationship between dilatancy and 
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stress-strain behavior is explored and it is concluded that cementation has an inhibited effect 

on dilation before peak strength. 

 

4.1  Introduction  

Particulate micro-mechanics is very important for understanding the mechanical response 

of granular materials. Some microstructure experimental methods, such as 

resin-impregnation followed by digital image analysis (e.g., Kuo and Frost 1996), magnetic 

resonance imaging (e.g., Ng and Wang 2001), and X-ray computed tomography (e.g., Wang 

et al. 2004), have been developed. However, these laboratory tests are difficult to perform, 

expensive and time consuming. The discrete element method (DEM), which was originally 

proposed by Cundall and Strack (1979), is an effective simulation technique to provide 

insight into inter-particle forces and microstructure evolution. Of particular advantage to the 

current work, the specimens with identical initial states can be used for tests under varying 

cementation levels and confinement. Furthermore, inter-particle information, such as 

meso-scale void ratio and coordination number, is accessible during any stage of numerical 

testing. 
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Using DEM, many researchers have explored the behavior of clean sand under biaxial 

tests (e.g., Iwashita and Oda 2000), triaxial tests (e.g., Cui et al. 2007; Belheine et al. 2009), 

direct shear tests (e.g., Ni et al. 2000; Jacobson et al. 2007; Zhang and Thornton 2007), and 

plain strain tests (Suiker and Fleck 2004). Particularly, Zhao and Evans (2009) compared the 

mechanical properties of granular soils under triaxial, plane strain and direct shear loading 

states and concluded that DEM is capable of simulating varying loading conditions 

successfully without model recalibration. 

Cementation, in either natural form or artificial form, exists as an important improvement 

medium to strengthen soil static properties (e.g., Clough et al. 1981; Airey 1993; Huang and 

Airey 1998; Ismail et al. 2002; Chiu et al. 2009) and dynamic properties (e.g., Saxena et al. 

1988; Clough et al. 1989). Nevertheless, traditional artificial cementation medium, such as 

Portland cement and gypsum, have limited injection distance due to high viscosity (Struble 

and Sun 1995). Recently, microbial induced calcite precipitation (MICP) has emerged as a 

new ground improvement strategy given its advantages of longer treatment distances and 

environmentally innocuous approach (DeJong et al. 2013). Taking advantage of urea 

hydrolysis catalyzed by a common soil bacteria Sporosarcina pasteurii, carbonate 

precipitation is created at soil grain contacts (DeJong et al. 2006; Mortensen et al. 2011; 
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Burbank et al. 2013). The improvement on soil properties through MICP has been verified by 

soil column tests (e.g., Whiffin et al. 2007; Martinez et al. 2013), unconfined compressive 

tests (e.g., Qabany and Soga 2013; Shanahan and Montoya 2014), 1-D compression tests 

(e.g., Feng and Montoya 2014), triaxial tests (e.g., DeJong et al. 2006; Montoya and DeJong 

2015; Feng and Montoya 2015), large scale laboratory tests (e.g., van Paassen et al. 2010) 

and in situ cone penetration test (e.g., Burbank et al. 2013). Fauriel and Laloui (2012) 

proposed a bio-chemo-hydro-mechanical model for bio-soil grouting application and made 

corresponding numerical examples. Although their model provides a good analytical solution 

to the coupled treatment in MICP processes, limited investigation is made on the mechanical 

response variation derived from MICP cementation. Scanning electron microscopy (SEM) is 

able to provide evidence on the existence of calcite between soil particles when the specimen 

is dissected for analysis after shearing (DeJong et al. 2010); however, to the authorsô 

knowledge, no insight can be obtained on the microstructure evolution and bond breakage 

mechanism of MICP cemented soil under shearing, which is important to understand the 

macro-response of cemented soil. Using X-ray tomography imaging, Tagliaferri et al. (2011) 

observed the localization deformation of MICP cemented sands during shearing and inferred 

cementation breakage pattern; nevertheless, only qualitative information instead of 

quantitative analysis is possible to gain on bond breakage evolution from their work. Thus, it 
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is beneficial to get improved understanding of behavior of cemented soil and provide better 

engineered design through DEM numerical model, which can supply both qualitative and 

quantitative information on microstructure. 

Furthermore, as mentioned above, although DEM explorations on clean sand have been 

conducted by many previous researchers, the exploration on cemented sand is limited (e.g., 

Wang and Leung 2008; Estrada et al. 2010), and two dimensional codes instead of three 

dimensional models were adopted. Although enhanced understanding of cementation effect 

on cemented soil was obtained from their work, better exploration is expected to use three 

dimensional codes in order to simulate soil conditions applied in laboratory and field testing. 

Following this idea, Evans and Ning (2013) explored the wave propagation properties in 

cemented specimens under 3-D space. Using the commercial software PFC
3D

 (Itasca 2008), 

numerical cemented specimen can be created and tested under triaxial loading conditions. 

Quantitative and qualitative comparisons between physical and numerical specimens become 

feasible.  

In current study, physical experimental responses on MICP cemented sand are 

summarized, followed by the numerical model calibration corresponding to strength and 

deformation characteristics from physical experiments. Macro-response characteristics of the 
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numerical specimens, and global void ratio and coordination number analysis are presented. 

Associated microstructure properties, such as meso-scale void ratio and coordination number, 

are analyzed in statistical and contour slices forms hereafter. Bond breakage pattern and 

evolution are captured for cemented specimens and related to the microstructure variation of 

the numerical specimen. Particularly, the bond breakage pattern evolution from the numerical 

model is compared to the bond breakage pattern from physical specimens, which is estimated 

from specimens with similar cementation situation under the monitoring of shear wave 

velocity. The dilatancy characteristics and effect of cementation on soil behavior is finally 

discussed in detail. 

 

4.2  Principles of the discrete element method 

In this research, Particle Flow Code in Three dimensions (PFC
3D

) v4.0 (Itasca 2008) is 

implemented. A physical problem related to the movement and interaction of spherical 

particles may be modeled directly by PFC
3D

. It is also possible to create particles of arbitrary 

shape by attaching two or more particles together (e.g. clump logic described in PFC
3D

).  

The calculation method is a timestepping, explicit scheme. With such a scheme, large 

populations of particles required only modest sizes of computer memory, since matrices are 
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never stored. PFC
3D

 can be used to model static or dynamic problems, but the full dynamic 

equations of motion are solved even when static solutions are required. This is done in order 

to follow such phenomena as failure and ñflowò of material in a realistic manner, it is not 

necessary to invoke some nonphysical algorithm, as is done in some implicit methods.  

PFC
3D

 models the movement and interactions of stressed assemblies of rigid spherical 

particles using the distinct-element method (DEM). PFC is classified as a discrete element 

code. Since it allows finite displacements and rotations of discrete bodies, including complete 

detachment, and recognizes new contacts automatically as the calculation progresses. 

However, some assumptions are made in PFC
3D

: 

1) The particles are treated as rigid bodies. 

2) The contacts occur over a vanishingly small area 

3) Behavior at the contacts uses a soft-contact approach wherein the rigid particles are 

allowed to overlap one another at contact points. 

4) The magnitude of the overlap is related to the contact force via force displacement 

law, and all overlaps are small in relation to particle sizes. 

5) Bonds can exist at contacts between particles 
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6) All particles are spherical. However, the clump logic supports the creation of 

super-particles of arbitrary shape. Each clump consists of a set of overlapping 

particles that acts as a rigid body with a deformable boundary. 

   The calculations performed in the DEM alternate between the application of Newtonôs 

second law to particles and a force-displacement law at the contacts. Newtonôs second law is 

used to determine the motion of each particle arising from the contact and body forces acting 

upon it, while the force-displacement law is used to update the contact forces arising from the 

relative motion at each contact. Newtonôs second law is not applied to walls, since the wall 

motion is specified by the user. 

The overall constitutive behavior of a material is simulated in PFC
3D

 by associating a 

simple constitutive model with each contact. The constitutive model acting at a particular 

contact consists of three parts: a stiffness model; a slip model; and a bonding model. The 

stiffness model provides an elastic relation between the contact forces and relative 

displacement. The slip model enforces a relation between shear and normal contact forces 

such that the two contacting balls may slip relative to one another. The bonding model serves 

to limit the total normal and shear forces that the contact can carry by enforcing 

bond-strength limits.  
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1) Linear model.  

The linear model provides sliding behavior and constant stiffness, defined by the normal 

and shear stiffness, Ὧ and Ὧ of the two contacting entities. A parallel-bond component 

can be added to a contact with the linear contact model.  

The contact stiffness for the linear contact model are computed assuming that the 

stiffness of the two contacting entities act in series. The contact normal secant stiffness is 

given by  

Ὧ  ééééééééééééééééééééééééééé.. (4.1) 

And the contact shear tangent stiffness is given by  

Ὧ  ééééééééééééééééééééééééééé... (4.2) 

where the superscripts [A] and [B] denote the two entities in contact. 

2) Slip model.  

The slip model is an intrinsic property of the two entities in contact. It provides no 

normal strength in tension and allows slip to occur by limiting the shear force. This model is 
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always active, unless a contact bond is present. In the absence of a contact bond, the slip 

model is active in conjunction with the parallel-bond model. 

The slip model is defined by the friction coefficient at the contact ʈ, where ʈ is taken to 

be the minimum friction coefficient of the two contacting entities.  

The contact is checked for slip conditions by calculating the maximum allowable shear 

contact force 

& ʈȿ&ȿ ééééééééééééééééééééééééééé... (4.3) 

If ȿ&ȿ & , then slip is allowed to occur by setting the magnitude of & equal to 

& . 

3) Parallel-bond model. 

The parallel-bond describes the constitutive behavior of a finite-sized piece of 

cementatious material deposited between two balls. These bonds establish an elastic 

interaction between particles that acts in parallel with the slip or contact-bond models. Thus, 

the existence of a parallel bond does not preclude the possibility of slip. Parallel bonds can 

transmit both forces and moments between particles.  
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A parallel bond is defined by the following five parameters: normal and shear stiffness 

Î and Ó ; normal and shear strength, ʎ ÁÎÄ  ʐ ; and bond disk radius R. The total force 

and moment associated with the parallel bond are denoted by & ÁÎÄ - , with the convention 

that this force and moment represent the action of the bond on sphere B( Figure 4.1). Each of 

these vectors can be resolved into normal and shear components with respect to the contact 

plane as: 

& & & éééééééééééééééééééééééééé....... (4.4) 

- - -  ééééééééééééééééééééééééé........ (4.5) 

These vectors are shown in Figure 4.1, where the parallel bond is depicted as a cylinder 

of elastic material.  

 

4.3  Experimental procedure and results 

The experimental MICP treatment process and mechanical response is summarized below. 

Traditional cementation medium, such as Portland cement or gypsum, is normally applied by 

dry mixture with soil in the laboratory (e.g., Ismail et al. 2002). MICP, which has a similar 

process to natural deposition (Morad 1998), is gradually precipitated onto the sands grains 
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and at the sand particle contacts. The Ottawa 50-70 sand was selected as the sand matrix in 

this study. The grain size characteristics are summarized in Table 4.1.  

Sporosarcina pasteurii (American Type Culture Collection, ATCC 11859) was the 

biological organism used to induce urea hydrolysis. To grow the bacteria to the desired 

population density, an ammonium-yeast extract media (ATCC 1376) was used. The growth 

media was inoculated with the S. pasteurii stock culture aerobically at 30 °C in a shaking 

incubator at 200 rpm for approximately 40 hours before harvesting. Suspended culture after 

inoculation was then centrifuged at 4000 g for 15 minutes. The supernatant was removed 

after the centrifuge period and replaced with fresh growth media. Finally, the desired bacteria 

were stored in the centrifuge vials at 4 °C until used.  

A two-phase injection procedure was used to induce cementation: in the first stage, 

suspended bacteria was injected through the specimen and retained in the pore space for 6 

hours or more, allowing for bacteria attachment; in the second stage, cementation media was 

repeatedly injected until the desired level of cementation was reached. A summary of 

chemical components and concentrations for the biological and chemical media are presented 

in Table 4.2. 
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Soil specimens were prepared by dry pluviation to a state with a similar initial void ratio, 

approximately e=0.72 (loose). To explore the effect of density, dense (e=0.63) and medium 

dense (e=0.70) specimens were also prepared. Details of experiment can be found in Feng 

and Montoya (2015). Cemented samples were then confined under varying pressures (i.e., 

100 kPa, 200 kPa, and 400 kPa) and injected with cementation media to reach the target 

cementation levels. Once the cementation process was completed, backpressure saturation 

was conducted in order to obtain a B value greater than 0.95. The cementation content of 

specimens was finally determined by acid washing method, after shearing under a rate of 2.5% 

per hour to a maximum axial strain of 25%.  

Representative experimental results at a confinement of 100 kPa were selected to 

calibrate the numerical model. The experimental uncemented loose sand exhibits slightly 

dilative behavior, with shear stiffness, peak strength, strain-softening tendencies, and dilative 

volumetric strains increasing with increasing density (Figure 4.2). The experimental MICP 

cemented loose sand demonstrates a significant increase in initial stiffness, peak strength, and 

dilative volumetric strains compared to the loose uncemented sand (Figure 4.3). Additionally, 

the peak strength of the MICP cemented specimens increase with an increase in MICP 

cementation level. The experimental behavior is further presented in subsequent sections of 
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the manuscript for comparisons to the simulated behavior. Detailed discussions of the 

experimental behavior can be found in Feng and Montoya (2015), or Chapter 3 of this 

dissertation. 

 

4.4  Numerical model properties 

The DEM three-dimensional particle code, PFC
3D

 (Itasca 2008), was used in the study 

presented herein. Material and model properties used in the simulations are discussed in the 

following paragraphs and summarized in Table 4.3.   

In DEM simulations, the maximum stable timestep is related to the minimum size of the 

particle. The simulation time could be several months if actual particle size was chosen. To 

increase calculation efficiency, it is necessary to scale up the numerical soil particles so that 

the maximum timestep can be increased. Generally, three primary methods for model scaling 

are: density scaling (e.g., Thornton 2000; Cui and O'Sullivan 2006), gravity scaling (e.g., 

Jiang et al. 2007) and mass scaling (e.g., Jacobson et al. 2007; Belheine et al. 2009). In the 

current study, mass scaling was implemented to improve calculation efficiency. The grain 

size distribution (GSD) of real particles and numerical particles are shown in Figure 4.4, 

from which we can see that the GSD pattern of real particles and numerical particles are the 
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same but numerical grains have a diameter in 1000 times larger than real particles. The size 

of wall and platens applied in numerical model are scaled up correspondingly. Note that the 

dimensions of numerical model remain consistent with physical experiments, i.e., 2:1 with 

the ratio of height to diameter.  

The selection of particle stiffness followed the values adopted by previous studies of 

Ottawa sand (e.g., Zhao and Evans 2009), although normal stiffness of particle was set at a 

value two times of that adopted by Zhao and Evans (2009) and shear stiffness was half of 

their selection, which were adjusted to match experimental results. During shearing, spherical 

particles tend to overestimate the rotations of soil grains, as indicated by Bardet (1994). To 

overcome this problem, each particle in the numerical simulations is comprised of two 

identical overlapping spheres clumped together such that the aspect ratio is 1.5:1 (Figure 

4.5a). Therefore, 14,000 spherical particles are required to simulate 7,000 individual soil 

grains. In PFC
3D
, two simulation bodies exist, namely ñballsò and ñwallsò, which is a 

challenge to simulate flexible membrane confinement, as that used in triaxial experiments. 

Previous researchers have used strings of balls linked by contact bond to simulate membrane 

in two dimensional simulations (e.g., Evans and Frost 2008; Wang and Leung 2008). A 

similar mechanism could be used in three dimensional models, but it increases the 
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computational time significantly and is complicated to implement. In the current study, 

stacks of cylindrical walls are used to simulate the flexible membrane, which saves 

computational time and allows the numerical membrane to deform independently since 

ñwallsò in PFC
3D

 do not interact with each other (Zhao and Evans 2009). Considering the 

importance of end friction from top and bottom caps in physical experiments (e.g., Rowe and 

Barden 1964), friction was also applied to top and bottom platens in the numerical specimens 

(Table 4.3).  

To simulate cementation effect in PFC
3D

, parallel bonds were used, which is a cylinder of 

material acting between two particles in contact, as shown in Figure 4.5a. This arrangement 

is close to the real formation of MICP as captured by the microscopic images shown in 

Figure 4.5b and 4.5c. The parameters and corresponding values to define the parallel bonds 

are listed in Table 4.3. Note that for different cementation content, different bond radius, 

which is the ratio of bond radius to the smaller radius of two bonded particles, was used. 

Similar to the cemented physical specimens, parallel bonds in the numerical simulation 

experience progressive breakage during loading when the shear or normal forces on them 

exceed their shear or normal strength. In the numerical model, it is possible to record the 

bond breakage events and corresponding bond information when the bonds are broken, and 
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analyze the bond breakage pattern. In the current research, the bond radius was assumed as a 

uniform value for one specimen, although varying the bond radius within a specimen is also 

possible. 

 

4.5  Simulation results 

4.5.1 Macro-response 

It is a routine procedure to calibrate a numerical model before applying it. Using the 

discrete element method, two calibration procedures are possible: calibration according to 

known micro-parameters and calibration according to experimental results (Itasca 2008). The 

authors of this paper chose to calibrate the numerical model based on the latter method. The 

responses from experimental and numerical specimens are discussed.  

The numerical model was first calibrated to the uncemented sand behavior. The 

numerical specimens are created by explosive repulsion method under a confinement of 100 

kPa with a low initial friction of 0.17 (loose)/0.1 (medium dense)/dense (0.05) in order to 

reach the target initial packing. After the numerical specimens were prepared, they were 

confined at 100 kPa and sheared at a low shearing rate (i.e., keeping an insignificant ratio of 
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unbalanced forces to contact forces) to a maximum strain of 15%.  The numerical 

simulations are compared to the physical experiments of uncemented sand in Figure 4.2, 

from which the stress-strain behavior and volumetric deformation characteristics are 

discussed. It is demonstrated that the numerical model captured the physical responses in 

general, although it tends to overestimate the volumetric deformation and underestimate 

residual strength. The denser the initial soil state is, the higher the peak strength and dilative 

deformation are obtained. Detailed analysis about initial, peak and residual state will be 

discussed later.  

Calibration of the numerical model on MICP cemented sand is performed by using the 

uncemented soil properties and calibrating the bond radius for the heavily cemented 

specimen only. The lightly and moderately cemented specimens were developed by reducing 

the bond radii accordingly. The behavior of the simulated and physical experimental results 

for MICP cemented sand is presented in Figure 4.3. The numerical model captures the effect 

of cementation levels on soil behavior: soils with higher cementation level present larger 

strength and dilative deformation; cemented soil shows brittle behavior after peak strength 

and this brittle behavior increases with the increase of cementation contents, which comply 

with the experimental results. The simulated results underestimate the residual strength of 
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physical samples because the current bond model implemented herein does not consider the 

densification effect from degraded cementation. With regard to volumetric deformation, 

physical specimens presents faster initial dilation rate but smaller final dilative deformation . 

To assess the ability of the numerical simulation to capture the experimental response, the 

experimental and simulation initial stiffness, peak strength and residual strength are 

compared in Figure 4.6. The initial tangent modulus was used to represent initial stiffness 

and residual strength was chosen as the stress value at 15% axial strain. 

Figure 4.6a indicates that the initial stiffness of uncemented soil was captured very well 

by the numerical model while the initial modulus of cemented soil with light and moderate 

cementation levels was underestimated. Since it was used to calibrate the numerical model, 

the initial modulus of the heavily cemented numerical sample was consistent with the initial 

modulus of the physical sample. The relatively higher initial modulus for the experimental 

lightly and moderately cemented specimens is likely related to the laboratory MICP process 

(e.g., combined void filling and particle bonding). The numerical model presented in the 

current study only changes the parallel bond radius to represent changes in the cementation 

level.  
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Figures 4.6b and 4.6c summarize the comparison of peak and residual strength. As 

mentioned above, the numerical model predicts peak strength very well, but underestimates 

residual strength. Particularly, the numerical samples are all about to reach a similar residual 

strength at 15% axial strain, regardless of initial density or cementation level.  

In summary, the current numerical model generally captures the mechanical behavior of 

the physical experiments. Appropriate trends for the strength, stiffness, and volumetric strain 

are observed with the increase in cementation level. The proposed DEM model also provides 

a method to investigate the micro-response of MICP cemented soil, as discussed in the 

following section. 

 

4.5.2 Micro -response 

Macro-response is always connected to the micro-response of the soil element. One clear 

example is the formation of a shearing band in uncemented dense or cemented sand, which is 

the result of a highly localized zone formed during shearing. In the current simulation model, 

it is possible to analyze the soil state at the micro-scale using accessible parameters, such as 

global void ratio, meso-scale void ratio and coordination number. Furthermore, 



 

 

 

122 

 

corresponding contour plots of the soil properties provide insight into the zones within the 

specimen.  

Global void ratio is the average void ratio for the entire specimen, which can reflect the 

general void space evolution. However, in some cases, especially for dense or cemented soils, 

the occurrence of localized deformation may lead to an inaccurate determination of global 

void ratio. In Figure 4.7, the global void ratio of six specimens is presented. Note that the 

decrease in void ratio due to the void filling effect of the MICP cementation is not accounted 

for in current analytical frame. But the effect of cementation on the change of microstructure 

is considered automatically in PFC simulation. As expected, the medium dense and dense 

specimens demonstrate lower initial void ratio and other specimens have same initial void 

ratio due to their identical initial states. At large strains, the uncemented loose and medium 

dense specimens and cemented specimens with light and moderate cementation levels were 

sheared to similar final void ratio. The uncemented dense specimen dilated to a lower void 

ratio, but not to as loose of a condition as the other uncemented specimens, likely due to the 

denser initial condition. The heavily cemented specimen terminated at the lowest void ratio 

due to the highly localized shearing zone at large strains. The localization is illustrated in 

Figure 4.8, where the mesoscale void ratio are plotted at 0%, 1%, 5%, 10% and 15% axial 
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strain for seven specimens with different initial void ratio, cementation levels or 

confinement. 

For the uncemented dense specimen, it is observed from Figure 4.8c that a localization 

zone starts to form at the middle of the sample height at about 10% strain, which complies 

with the shearing band formation observed from physical experiments. There is not a clear 

shear band in the uncemented medium dense (Figure 4.8b) and loose specimens (Figure 4.8a) 

at 10% axial strain. Nevertheless, uncemented loose and medium dense specimens present a 

localization zone at 15% strain, which is not supported by physical experiments at similar 

strain levels. However, if the physical specimens are sheared further to larger axial strain 

(e.g., 25%), a shearing band is also expected to show in both loose and medium dense 

specimens. Both lightly (Figure 4.8d) and moderately (Figure 4.8e) cemented samples tend to 

present a localization zone at 15% strain while a clearer and looser localization zone occurs 

to heavily cemented specimen (Figure 4.8f) at around 10% stain. The thickness of 

localization zone from heavily cemented specimen is observed to be thinner than that of 

specimens with lower cementation contents; this trend was also observed in the physical 

experiments as well. The seventh specimen is a heavily cemented sample sheared under 400 

kPa confinement (Figure 4.8g). Comparing the heavily cemented specimens sheared under 
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different confinements (Figure 4.8f and 4.8g), the higher level of confinement tends to 

suppress the specimen from dilating and constrain the formation of a shear band, which is 

consistent with the volumetric deformation observed from the macro-response of the physical 

experiments (Feng and Montoya 2015).  

To summarize, three points can be made in regards to the shearing band formation: 1) for 

uncemented soil, specimens with denser states tend to present a shear band earlier compared 

to specimens with looser states; 2) for cemented soil, specimen with higher cementation 

levels are prone to show a clearer and thinner shear band at earlier strain levels compared to 

specimens with lower cementation levels; and 3) higher levels of confinement have a 

tendency to constrain the development of a shear band. 

Coordination number, which characterizes the number of contacts in a system assembly, 

is analyzed in Figure 4.9. As expected, the dense uncemented soil has an initial coordination 

number of 7.8, which is the highest among the simulated specimens. The medium dense 

uncemented soil has an initial coordination number of 7, which reflects its denser soil state 

compared to the loose uncemented specimen that has an initial coordination number of 6. 

Since all the cemented specimens have an identical initial state as that of the loose 

uncemented specimen, they possess the same initial coordination number. During shearing, 
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all of samples demonstrate a continuous decrease of in coordination number until they 

approach an axial strain of 15%. There is an abrupt reduction in coordination number within 

1% strain for all the specimens, after which the trend becomes relatively flat. In contrary, no 

observable changes happen to specimens in the first 1% axial strain from void ratio contour 

shown in Figure 4.8 which indicates the particles begin to rearrange themselves without 

experiencing a sufficient global volume change within the first 1% axial strain, after which 

the particles remain in a loose configuration and begin to dilate.   

 

4.5.3 Bond breakage analysis 

Cementation can change the spatial distribution of the forces transmitted through the soil. 

Under shearing, the cemented bonds will progressively break. Monitoring the cemented soil 

using shear wave velocity can provide information on the bond breakage during shearing 

(Montoya and DeJong 2015); however, it is difficult to quantify the bond breakage pattern or 

evolution experimentally. Quantitative bond breakage analysis is feasible using DEM. Bond 

breakage is explored through statistic and 3-D visualization slices analyses. Furthermore, the 

relationship between bond breakage pattern and soil mechanical response is also investigated. 
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As mentioned previously, it is feasible to evaluate the bond breakage pattern by 

monitoring shear wave velocity (ὠ) in physical experiments, although it is an indirect 

measurement of bond breakage. In order to estimate the evolution of bond breakage during 

shearing for a physical specimen, the ὠ data during shearing for a moderated cemented 

specimen subjected to drained triaxial compression was used (Montoya and DeJong 2015). In 

order to correlate change in ὠ to cement bond breakage, the difference in shear wave 

velocity before and after MICP treatment is selected to represent the reference value for 

intact cemented specimens and the changes in shear wave velocity during shearing are 

chosen to represent the bond breakage event. In the bond breakage estimation, it is assumed 

that the change of shear wave velocity is only due to the breakage of cementation. This 

assumption tends to underestimate the breakage percentage of cementation bonds since the 

changes in ὠ are the combination of the increase from mean effective stress increase and 

the decrease from bond breakage. The bond breakage analysis from numerical specimens are 

also shown in Figure 4.10, which demonstrate quite similar bond breakage pattern to the 

estimation from physical experiments, though numerical specimen presents higher breakage 

percentage compared to the physical trend with a similar cementation level.  
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As previously discussed, ὠ is also affected by the mean effective stress in soil, which 

means that using the recorded shear wave velocity to estimate bond breakage results in an 

underestimation of bond breakage. Therefore, the estimation of bond breakage from physical 

experiments can be modified by using normalized shear modulus (G) instead of shear wave 

velocity (ὠ). In order to remove the effect from varying mean effective stress, the shear 

modulus was normalized by the square root of the product from mean effective stress and 

standard atmosphere pressure, because shear modulus is proportional to the square root of 

mean effective stress (Hardin and Drnevich 1972; Stokoe et al. 1985). Based on this logic, a 

modified bond breakage pattern was plotted according to the modified shear modulus. The 

bond breakage pattern from the new estimation is quite similar to the calculation from 

numerical specimen with moderate cementation level, which is also the cementation range 

reported by Montoya and DeJong (2015).   

During loading, the deformation of specimens is constrained by confinements and 

different levels of confining pressure may cause varying volumetric deformation 

characteristics and thus affect the bond breakage pattern. To clarify this point, the bond 

breakage pattern of heavily cemented numerical specimens under varying confinements is 

shown in Figure 4.11. Higher confinement (e.g., 400 kPa) leads to more cementation 
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breakage. At around 10% axial strain, the bond breakage percentage for specimen under 400 

kPa confining pressure is close to 100%, which indicates an overall bond breakage. But it is 

inferred that the shear band still occurs within the heavily cemented specimen with 400 kPa 

confinement from the mesoscale void ratio plotting as in Figure 4.8. In fact, a shearing band 

was also observed from physical experiments under the same cementation level and 

confinement. The densification effect from calcite cementation is considered to explain the 

formation of shearing band in associated physical specimens. For numerical specimens, 

although the densification effect from broken bonds was not considered, the microstructure 

was still affected by the existence of bonds, which leads to the shearing band at high level 

strain. 

The coordinates projection of intact and broken bonds for heavily cemented specimen 

sheared under 100 kPa confinement are plotted in cross-section plane and central vertical 

plane at 1% (Figure 4.12a and 4.12b) and 10% (Figure 4.12c and 4.12d) axial strain. Note 

that only the bonds locating within 0.1 unit distance to the central vertical plane were chosen 

to make the plot (i.e., plane illustrated in Figure 4.12a and 4.12c). In this figure, the red color 

represents bonds in intact conditions while blue color indicates broken bonds. It is clearly 

concluded that the broken bonds concentrate in the highly localization zone, as shown in 
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mesoscale void ratio contours (Figure 4.8). Outside the localization zone, there are few 

broken bonds, which was qualitatively verified with SEM images (Montoya and Feng 2015). 

The effect of the bond breakage pattern on the mechanical behavior of MICP cemented 

specimen is also explored (Figure 4.13). As a representative sample, heavily cemented 

specimen sheared under 100 kPa confinement is chosen. The response of it within 1% axial 

strain is particularly plotted in the figure inset, which implies that only a small portion of 

bonds are broken before peak strength and an elastic response is maintained. After peak 

strength, the specimen experiences dramatic bond broken events and subsequently, the 

specimen experiences a gradual bond breakage pattern up until 15% strain, in which a 

stabilized final state is predicted to occur. In other words, for MICP cemented sands, 

intensive bond breakage events happened at the time of peak strength obtained. In contrast, 

findings from Wang and Leung (2008) indicated that dramatic bond breakage events 

occurred to Portland cement treated sands at the time of yielding strength gained, which is 

the stage earlier than peak strength obtained. The extreme high initial stiffness of MICP 

cemented soil renders the overlap of yielding point and peak point and may explain the 

differences between MICP and Portland cement treated soil. 
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The bond breakage pattern is also related to the variation of coordination number, which 

characterizes the packing structure of soil bodies. It is demonstrated that intact bonds 

experienced rapid breakage in the first 1% axial strain; at the same time, the coordination 

number of specimen reduced significantly (Figure 4.14), indicating the consistency between 

bond breakage pattern and coordination number variation. After the initial rapid changes (e.g., 

after 1% strain), the coordination number is close to a constant (i.e., 5), which may 

demonstrate the formation of major force chains; the bond breakage trend also tends to be 

more gradual with about 30% cementation bonds still breaking between 1% and 15% strain, 

which may come from the highly localized zone. 

 

4.5.4 Dilatancy and strength 

The shear resistance of sand comes from both friction, which is discussed above, and 

dilatancy, which is discussed here. The uncemented loose and dense specimens and heavily 

cemented specimens with 100 kPa confinement are chosen to analyze stress dilatancy (from 

Figure 4.15 to Figure 4.17). Dilatancy is defined as ɿ‐Ⱦ‏‐ (Wang and Leung 2008), 

where ɿ‐is the increments of plastic volumetric strain and ‏‐ is the increments of plastic 
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shear strain, respectively. Both numerical and experimental specimens are analyzed side by 

side. 

For uncemented sand, numerical specimens tend to present larger dilatancy compared to 

experimental specimens (Figure 4.15 and 4.16); those results are consistent with the higher 

dilative volumetric deformation and faster dilative rate for numerical model demonstrated in 

Figure 4.2b. For both numerical and physical specimens, the axial strain at the peak strength 

is very close to the axial strain at the maximum dilatancy. However, for heavily cemented 

specimen, the maximum dilatancy happened at an axial strain larger than that for peak 

strength (Figure 4.17), which agrees with the findings from Wang and Leung (2008), in 

which they found a delayed maximum dilatancy development for Portland cement treated 

samples. This kind of response is related to the inhibited effect from cementation on 

dilatancy before yielding, which is contrary to the behavior of purely frictional material 

(Leroueil and Vaughan 1990), as demonstrated by uncemented specimen reference behavior. 

 

4.5.5 Limitations of current model 

In the model presented herein, the cementation was captured using the parallel bonds, 

which simulates the shape and distribution of experimental cementation very well. However, 
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in the current simulation system, the bond will disappear when the contact forces exceed its 

shear or normal strength, which does not comply with the physical reality. In triaxial testing, 

it is expected the cementation particles will crush during shearing and become calcite fines 

between the original soil particles, or part of cementation particles will remain attached to the 

soil grains even when the cementation bonds were broken (DeJong et al. 2010). Using the 

current model, residual strength is underestimated and the corresponding microstructure may 

not exactly reflect the physical specimen, although qualitative microstructure evolution is 

captured. Therefore, a model considering the post-broken effect of cementation is needed, 

and further investigations are undergoing.  

In the current model, both cementation size and cementation distribution were assumed 

as uniform, which is not a real case in physical experiments (Feng and Montoya 2015). It is 

worthy of further explorations on the bond distribution effect to the response of MICP 

cemented sand in both macro- and micro- scales. 

The formation of localization zone was successfully predicted in current numerical model; 

however, the inclination of shearing band was inconsistent with the observations from 

physical specimens. The end restraint or dead zone in the top and bottom boundary explains 

the occurrence of shearing band in physical triaxial tests without lubricated ends (Lee 1978). 
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Although platen friction was added in current model, it was not sufficient to produce the 

same effect as that in physical experiments. Future study on the boundary effect would be 

necessary. 

 

4.6  Summary and conclusions 

A discrete element numerical model for MICP cemented soil was explored and the 

following conclusions can be made: 

1. The proposed model captured the initial stiffness and peak strength of uncemented 

soil well, but it underestimates residual strength. For cemented soil, the peak response was 

predicted correctly by numerical model, although the model underestimates both initial 

stiffness and residual strength, which can be explained by the limitations of current 

cementation model; 

2. The formation of the shear band was captured through the meso-scale void ratio 

contours in the current model, although the degree of inclination was not predicted 

successfully, which is likely due to different boundary conditions between experimental and 

numerical specimens; 
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3. Using the numerical model, statistical and 3-D slices visualization analysis of the 

bond breakage pattern are made. The bond breakage pattern from numerical specimen is 

similar to that estimated from physical specimen with shear wave velocity monitoring. The 

intact and broken bonds can be visualized using recorded bond information, which implies 

that bond breakage is concentrating in a localized zone formed during shearing;  

4. The numerical model presents the similar pattern of dilative response compared to 

experimental data. Due to the cemented structure created by MICP cementation, both 

numerical and physical cemented specimens demonstrate delayed maximum dilatancy after 

peak strength. In contrast, for uncemented specimens, peak strength and maximum dilatancy 

occur at the same axial strain.   
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Table 4.1 Sand characteristics 

Ὀ (mm) ὅ ὅ Ὃ Ὡ  Ὡ  Shape 

0.22 1.4 0.9 2.65 0.55 0.87 Round 

 

 

Table 4.2 Chemical recipe of injection media 

Chemical Name Biological Injection 

Concentrations (mM) 

Cementation Injection 

Concentrations (mM) 

Urea 333 333 

Ammonium Chloride 374 374 

Calcium Chloride 0 50 
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Table 4.3 Material and model properties for numerical simulations 

Parameters Selected Values 

Particle Properties  

Particle normal stiffness 

Particle shear stiffness 

Particle friction coefficient 

Particle specific gravity 

Particle aspect ratio 

Number of particles 

Wall Properties 

Platen stiffness 

Membrane stiffness 

Platen friction coefficient 

2×10
8
 N/m 

5×10
6
 N/m 

0.5 

2.65 

1.5 

~14,000 

 

2×10
8
 N/m 

2×10
8
 N/m 

1.0 

Bond Properties 

Bond radius for light MICP cementation  

Bond radius for moderate MICP cementation 

Bond radius for heavy MICP cementation 

Normal contact stiffness 

Shear contact stiffness 

Normal bond strength 

Shear bond strength 

 

0.25 

0.3 

0.5  

5×10
8
 N/m 

1×10
9
 N/m 

5×10
6
 Pa 

1×10
6
 Pa 
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Figure 4.1 Parallel bond 
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Figure 4.2 (a) Stress-strain behavior and (b)volumetric deformation of untreated numerical 

and experimental specimens with varying relative density under 100 kPa confinement, for 

each  results presented, the specimen type and initial density is indicated (e.g., si_loose 

represents a loose simulated specimen.)  
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Figure 4.3 (a) Stress-strain behavior and (b) volumetric deformation of treated numerical and 

experimental specimens with varying cementation levels under 100 kPa confinement, for 

each triaxial results presented, the specimen type and cementation level is indicated (e.g., 

si_light represents a lightly cemented simulated specimen.)  
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Figure 4.4 Grain size distribution of experimental and numerical soil particles  

 

 

Figure 4.5 (a) Cementation formation in numerical specimen (b) scanning electron 

microscopic (SEM) image of soil particle and cementation at 500x magnificent and (c) SEM 

image at1000x magnification 
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Figure 4.6 Comparison of (a) initial stiffness (b) peak friction angle and (c) residual friction 

angle between numerical and experimental specimens, for each results presented, the 

specimen type and initial density (for untreated specimen) or cementation level (for cemented 

specimen) is indicated (e.g., un_loose represents the loose untreated specimen; ce_light 

represents the lightly cemented specimen) 
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Figure 4.7 Void ratio evolution of untreated and treated numerical specimens during shearing, 

for each results presented, the cementation type and initial density (for untreated specimen) 

or cementation level (for cemented specimen) is indicated (e.g., un_loose represents the loose 

untreated specimen; ce_light represents the lightly cemented specimen) 
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Figure 4.8 Meso scale void ratio of untreated and treated numerical specimens during 

shearing. (a) uncemented loose specimen under 100 kPa confinement (b) uncemented 

medium dense specimen under 100 kPa confinement (c) uncemented dense specimen under 

100 kPa confinement (d) lightly cemented specimen under 100 kPa confinement (e) 

moderately cemented specimen under 100 kPa confinement (f) heavily cemented specimen 

under 100 kPa confinement (g) heavily cemented specimen under 400 kPa confinement 
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Figure 4.9 Coordination number evolution of untreated and treated numerical specimens 

during shearing, for each results presented, the cementation type and initial density (for 

untreated specimen) or cementation level (for cemented specimen) is indicated (e.g., 

un_loose represents the loose untreated specimen; ce_light represents the lightly cemented 

specimen) 
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Figure 4.10 Bond breakage percentage of treated numerical specimens and estimated bond 

breakage percentage of experimental specimens, for each results presented, the specimen 

type and cementation level is indicated (e.g., si_light represents a lightly cemented simulated 

specimen) 
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Figure 4.11 Bond breakage percentage of heavily treated specimens under varying 

confinements, for each result presented, the associated confining pressure is indicated 
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Figure 4.12 Projection of broken bonds within the simulated specimen at strain values of 1% 

(a and b) and 10% (c and d). A slice through the middle of the cylindrical specimen is used to 

construct the projection, which is shown as the blue slice in the horizontal cross section (a 

and c). The intact bonds are displayed in red and the broken bonds are displayed in blue.  
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Figure 4.13 Stress-strain and bond breakage percentage of heavily cemented numerical 

specimen during shearing 
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Figure 4.14 Bond breakage percentage and coordination number of heavily cemented 

numerical specimen during shearing 
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Figure 4.15 Stress-strain and dilatancy of (a) experimental and (b) numerical uncemented 

loose specimen under Shearing 
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Figure 4.16 Stress-strain and dilatancy of (a) experimental and (b) numerical uncemented 

dense specimen under shearing 

 



 

 

 

153 

 

 

Figure 4.17 Stress-strain and dilatancy of (a) experimental and (b) numerical heavily 

cemented specimen under shearing 
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5   DEFORMATION OF MICROBIAL INDUCED CALCITE BONDED SANDS: 

A MICRO -SCALE INVESTIGATION  

Microbial induced calcite precipitation (MICP) is a novel ground improvement method 

that increases the strength and stiffness of sand using natural biogeochemical processes. This 

study investigates the mechanics of how microbial induced calcite bonds deform during 

loading. Surface energy measurements are conducted on silica and calcite substrates in order 

to assess whether the bonds experience a cohesive or adhesive failure. The results from the 

surface energy assessment indicate that calcite-calcite cohesion tends to be the weakest 

within the system and where the MICP bonded sands will likely fail. These findings are 

supported by particle contact loading tests, where two silica particles are bonded together 

through the MICP process, and the deformation of the silica particles and the calcite cement 

is monitored during shearing and axial loading. These results indicate the bond fails within 

the calcite phase. The results of the micro-scale study are then translated to the shear bands 

of a triaxial specimen of MICP sand. A triaxial specimen is cemented to a moderate level of 

MICP cementation, using shear wave velocity measurements as a process monitoring 

technique. The cementation degradation is monitored using shear wave velocity during 

drained shear and the thickness of the shear band is estimated. Scanning electron microscopy 
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is also used to evaluate the MICP bonded sand grains within and outside the shear band after 

shearing and compared to the results from the micro-scale investigation. 

 

5.1  Intr oduction 

Microbial induced calcite precipitation (MICP) is a novel ground improvement method 

using natural biogeochemical processes. Through urea hydrolysis induced by Sporosarcina 

pasteurii, a common alkaliphilic soil bacteria, calcite is precipitated at soil particle contacts 

which increases the strength and stiffness of sand (DeJong et al. 2013). Microscale 

investigations have demonstrated that the MICP process results in calcite concentrated at 

particle contacts, with a thin layer of calcite coating the sand grains (Chou et al. 2011, 

DeJong et al. 2010 and , Martinez and DeJong 2009). This precipitation pattern is important 

in the effect of the bulk properties as the calcite precipitated at the particle contacts has a 

greater effect on increasing the strength and stiffness of the bio-cemented sands. Micro-CT 

scanning of a MICP treated specimen indicates that not only does the calcite have a 

preference to precipitate at the particle contacts, but also the pore structure of the 

bio-cemented sand remains open and connected (DeJong et al. 2011). As bio-cemented soils 

are sheared, they experience a decrease in shear wave velocity due to the degraded calcite 
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(Montoya and DeJong 2015). Microscale evaluations have qualitatively indicated that the 

calcite fails within the calcite phase and not at the contact between the calcite and silica sand 

grain (DeJong et al. 2010). Tagliaferri et al. (2011) performed drained triaxial tests within an 

X-ray micro-CT scanner and observed that as the bio-cemented specimen was sheared, 

calcite would disappear from view because the size of the generated calcite fines were below 

the resolution of the CT scanner.  

This study further investigates the mechanics of how microbial induced calcite bonds 

deform during loading.  Surface energy measurements are conducted on silica and calcite 

substrates in order to assess whether the bonds will fail in a cohesive failure or adhesive 

failure (Figure 5.1). These findings are compared to particle contact loading tests, where two 

silica particles are bonded together through the MICP process, and the deformation of the 

silica particles and the calcite cement are monitored during shearing and axial loading. The 

results of the micro-scale study are then translated to the shear band of a triaxial specimen of 

MICP sand. The triaxial specimen is cemented to a moderate level of MICP cementation, 

using shear wave velocity measurements as a process monitoring technique. The cementation 

degradation is monitored using shear wave velocity during drained shear and the thickness of 

the shear band is estimated as a function of cementation level.  Scanning electron 
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microscopy is also used to evaluate the MICP bonded sand grains within and outside the 

shear band after shearing and compared to the results from the micro-scale investigation. 

 

5.2  Micro -scale investigations of MICP bonded sands 

The mechanics of how microbial induced calcite bonds deform during loading is 

investigated using two techniques: surface energy measurements and particle-bond-particle 

deformation testing. The results from the micro-scale investigation provide valuable insight 

into the behavior of bio-cemented sands and which failure type, cohesive or adhesive (Figure 

5.1), can be expected at the particle contact. 

 

5.2.1 Characterization of MICP bond surface energy 

The failure mechanism of the microbial induced calcite bond was first evaluated by 

determining the work of cohesion and adhesion of a typical calcite-silica system by 

measuring the surface energy of the minerals. The work of cohesion and adhesion are 

algebraically related to surface energy of the minerals. Surface energy is defined as amount 
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of work required to create a unit area of new surface of specific material. Hence, the work of 

cohesion for the calcite cement can be defined as:  

ὡ ς‎  ééééééééééééééééééééééééééééé (5.1) 

where ‎  is the solid surface energy of calcite. Similarly, the work of adhesion between 

calcite (ñCò) and silica (ñSiò), ὡ , can be expressed as a function of their surface energy 

components: 

   ὡ ς‎ ‎ Ⱦ ς‎‎ Ⱦ ς‎‎ Ⱦ ééééééééé........... (5.2) 

The surface energy components presented in Equation 5.2 can be determined directly 

from the sessile drop method presented in Little and Bhasin (2006). Surface energy (ɔ) 

measurements are used to determine the cohesive and adhesive characteristics of asphalt 

binder and asphaltïaggregate systems (e.g., Bhasin and Little 2007) and similar methods 

were applied to bio-cemented sands. The sessile drop method using a goniometer was used in 

the study presented herein (Koc and Bulut 2014). In the goniometer, a drop of probe fluid 

was released from a syringe onto the polished mineral aggregate. The contact angle between 

probe fluids and the mineral aggregate was measured and used to calculate surface energy. 
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The corresponding surface energy components were then determined following (Little and 

Bhasin 2006) (Table 5.1). 

The surface energy measurements conducted on geologic specimens are used to 

determine the likelihood of cohesive or adhesive failure of MICP-cemented sands. The 

surface energy of three calcite specimens and one silica specimen revealed that the surface 

energy of the calcite and silica are relatively similar to each other and similar to values 

reported in literature (Koc and Bulut 2014). The average surface energy of the geologic 

calcite specimens tested varied from 37.5 to 48.6 mJ/m
2
 while the average silica specimen 

surface energy was 43.2 mJ/m
2 
(Table 5.1). Using these surface energy results, the work of 

cohesion and adhesion was determined (Table 5.2).These results indicate, based on the 

limited geologic specimens tested, it is more likely to have a cohesive failure within the 

calcite bond than an adhesive failure at the interface of the calcite cementation and silica 

particle. However, a relatively large range in calcite surface energy was observed, thus 

further testing directly with MICP minerals is desired. 
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5.2.2 Particle-bond-particle deformation behavior 

The mechanical properties of a calcite bond were evaluated by loading two rounded silica 

gravel particles (e.g., pea gravel) bonded by MICP. An electromagnetic testing system under 

displacement control was used to achieve fine control of loading for the 

particle-bond-particle behavior. The gravel particles were epoxied to the end caps (Figure 5.2) 

and the end caps were placed into a treatment bath to induce calcite precipitation, following 

the procedure outlined in Mortensen et al. (2011). After 20 bio-cementation treatments, when 

the development of calcite was visually confirmed (Figure 5.2), the end caps were connected 

to the testing apparatus and the side bracing removed. The electromagnetic testing system 

was then used to perform either an extension or torsion loading sequence. Upon loading, the 

load-deformation results were recorded and the resulting failed bonds were evaluated. 

The mechanical tests were conducted on particles with average diameters of 10 mm and 5 

mm. Multiple diameters were used because preliminary observations suggested that the 

mechanical properties are influenced by the particle diameter. The results from the 

particle-bond-particle tests indicate that the smaller particles exhibited a slightly larger 

tensile strength than the larger particles; however, the torsional strengths for both particle 

diameters were equivalent (Table 3). Furthermore, the failed surface between the particles 
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was evaluated after loading and illustrated that the particles failed within the calcite phase of 

the bond and not at the calcite-silica boundary. 

 

5.3  Behavior of MICP bonds in triaxial shear 

   The results of the micro-scale study are translated to the shear band of a triaxial specimen 

of MICP sand.  

5.3.1 Shearing behavior of MICP cemented sands 

One MICP and one untreated triaxial specimen were prepared by dry pluviation to a 

target relative density, DR, of 40%. The specimens were seated under 100 kPa confining 

pressure. For the MICP specimen, bio-cementation injections were conducted as outlined in 

Feng and Montoya (2015). To monitor the cementation process during the treatment period, 

shear wave velocity measurements were conducted using bender elements installed in the 

triaxial end caps, following the procedures outlined in Montoya et al. (2012). The 

cementation injections were repeated until the target shear wave velocity, Vs, was reached. 

The MICP-treated sand reached a Vs = 610 m/s during treatment, which corresponded to a 

mass of calcite of 1.7%, based on post-test acid washing (Mortensen et al. 2011). Once the 

cementation injections were terminated, the specimens were saturated with deaired water and 
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back-pressure was applied to achieve a B-value of 0.95 or higher. The specimens were 

sheared at a rate of 2.5% axial strain per hour to a strain of 10 ï 15%. 

The results of the triaxial testing indicate that the MICP treatments increased both the 

peak and residual shear strength of the sand (Figure 5.3). This response is similar to other 

related studies (Montoya and DeJong 2015 and, Feng and Montoya 2015). The degradation 

of cementation is captured using the Vs measurements. The Vs is a bulk measurement based 

on the collective stiffness of the specimen; therefore, cementation degradation within a 

localized zone (compared to global degradation) will have a limited effect on the Vs values. 

The Vs measurements rapidly decrease until the peak strength is reached, and continue to 

decrease during shear strength softening. Once the residual strength was reached, the Vs 

remains relatively constant, indicating that the shearing behavior was constrained to the 

localization zone established within the first 3% strain. 

The shear band thickness of the specimen was estimated using the shear wave velocity 

measurements and the final specimen length. The specimen length at the end of shearing was 

11.5 cm and the final Vs was about 540 m/s. Assuming that the sand outside of the shear 

band remains intact (e.g., representative of the initial Vs = 610 m/s) and the MICP sand 

within the shear band is degraded to a Vs = 190 m/s (e.g., the uncemented initial conditions), 
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the thickness of the shear band can be estimated by using a weighted average of the shear 

wave velocities with respect to the specimen length. Following this approach, the shear band 

thickness was estimated to be about 19 mm. The calculated shear band thickness is similar to 

the 20 mm zone of localization visually observed in the specimen after shearing. 

 

5.3.2 Microscopy investigation of sheared MICP cemented sands 

Scanning electron microscopy (SEM) was used to evaluate the MICP bonded sand grains 

within and outside the shear band after shearing and compared to the results from the 

micro-scale investigation. Samples were carefully collected from the MICP cemented 

specimen to be used for the SEM investigation, where a Hitachi S3200N Variable Pressure 

Scanning Electron Microscope was used. Samples within the ñdead zonesò of the triaxial 

specimen (Head 1986) were collected to represent the non-sheared MICP sands. Samples 

were also collected within the zone of localization, as identified by the deformed shape 

through the membrane. Once collected, the samples were prepared for use within the SEM by 

coating the cemented sands with a gold/palladium alloy to reduce charging while imaging.   

The SEM investigation indicated the non-sheared cemented sands are dusted with the 

MICP minerals along the surface of the grains with a preference of calcite minerals at the 
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particle contacts. This distribution of calcite can be seen in Figure 5.4. Small granular calcite 

minerals cover the sand grains in Figure 5.4, and as the magnification of the SEM images is 

increased, the focus of the images is at the contact between the two particles. When the 

magnification of the images is increased to 1000x and 2000x the calcite bridge connecting 

the two sand grains can clearly be seen.   

The SEM images of particles collected within the localization zone reveal a different 

behavior. The sand grains are still dusted with MICP minerals; however, the particles are no 

longer bonded. The majority of the particles do not show any indication that they had 

previously been bonded to other particles, thus implying that the bonded particles 

experienced a cohesive failure during shearing. However, there were a few indications of 

adhesive failure (Figure 5.5). The void where a sand particle was attached to the calcite bond 

can be seen in Figure 5.5. Whether the detached sand particle was removed during shearing 

or during the SEM sample preparing is unknown; however, this illustration of adhesive 

failure was in the minority during the SEM investigation of the particles collected from the 

localization zone. 

The SEM investigation also illustrated that the calcite minerals coating the sand particles 

were induced by bacterial. The impressions of the rod-shaped bacteria in the calcite minerals 
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can be seen in Figure 5.6. Energy dispersive X-ray spectra were also collected on the 

MICP-treated sands, and the spectra indicated the elements present include, in decreasing 

order of abundance, calcium, silicon, oxygen, and carbon. These are the elements expected 

for the silica sand grains and calcium carbonate minerals. Gold and palladium were also 

present in the spectra in small amounts due to the gold/palladium alloy coating.  

 

5.4  Conclusions 

The results from the micro-scale and triaxial experiments presented herein have provided 

insight into the behavior of cementation bonds within the MICP treated sands, specifically: 

Surface energy measurements and particle-bond-particle deformation experiments 

indicate that a cohesive failure within the calcite bond is the more likely failure mode. 

MICP bond mechanical properties are likely dependent on the particle size. 

Shear wave velocity measurements capture cementation degradation during shearing and 

allow for an estimation of shear band thickness. 
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SEM images illustrate the calcite mineral precipitation patterns, with a precipitation 

preference at particle contacts, and the cohesive failure mode appears to dominate within the 

localization zone. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

167 

 

Table 5.1 Surface energy components of silica and calcite 

Material 

and Sample 

No. 

Surface Energy Components (άὐȾά ) 

‎  ‎  ‎  ‎  ‎  

Optical 

Calcite 
0.0 11.0 0.0 37.5 37.5 

Yellow 

Calcite 
0.1 16.8 2.6 37.5 40.1 

White 

Calcite 
0.9 30.3 10.4 38.2 48.6 

Silica 0.2 43.0 6.2 37.0 43.2 

 

 

Table 5.2 Work of cohesion and work of adhesion of silica and calcite 

Material and 

Sample No. 

Surface Energy and Work Parameters (άὐȾά ) 

‎  ὡ  ὡ  

Optical 

Calcite 
37.5 75.0 77.5 

Yellow 

Calcite 
40.1 80.2 82.3 

White 

Calcite 
48.6 97.2 92.6 

Silica 43.2 86.4 / 
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Table 5.3 Results of particle-bond-particle deformation tests 

Diameter  

(mm) 

Tensile Strength  

(N) 

Torsional Strength 

(N·m)  

10 3.20 0.35 

5 3.75 0.35 
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Figure 5.1 Calcite bond failure mechanism alternatives (modified from DeJong et al. 2010) 

 

 

   

Figure 5.2 Test set-up (left) and treated particles (right) for particle-bond-particle testing 
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Figure 5.3 a) Stress-strain and b) shear wave velocity measurements for uncemented (0% 

calcite) and moderately cemented (1.7% calcite) specimens under isotropically consolidated 

drained compression loading 

 

 

 

 

 



 

 

 

171 

 

     

     

Figure 5.4 SEM images of MICP cemented sands, focusing on calcite bond between sand 

grains at magnifications of (from top left to bottom right) 200x, 500x, 1000x, and 2000x 
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Figure 5.5 SEM images of MICP cemented sands collected from the shear zone of the 

specimen at magnifications of (from left to right) 200x, and 500x 

 

 

 

Figure 5.6 SEM image of bacterial imprints within a calcite mineral
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6   DYNAMIC PROPERTIES OF MI CP CEMENTED SANDS 

Microbial induced carbonate precipitation (MICP) has been verified to be an effective 

method to improve soil strength and stiffness, and one of the most promising applications of 

MICP is for liquefaction mitigation. In this chapter, clean sand specimens were treated by 

MICP to a light level of cementation and its resistance to liquefaction is improved 

significantly compared to uncemented loose soil and is close to that of uncemented dense soil. 

Particularly interesting, two cemented specimens with same cementation content but 

different shear wave velocities demonstrated different cyclic responses, demonstrating that 

shear wave velocity is a better indicator to evaluate the properties of MICP cemented soil 

compared to average cementation content. It is found that the excess pore water pressure 

generation in MICP treated sands is slower than that from untreated loose and dense soil due 

to the earlier and more rapid initialization of dilative tendency. Furthermore, with the help of 

MICP cementation, the modulus degradation characteristics of sand bodies are also improved. 

Cementation uniformity of MICP treatment is discussed and consistent with previously 

published studies. 
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6.1  Introduction  

Infrastructure has experienced severe damage due to the liquefaction of loose sandy soils 

caused by earthquakes (Ross et al. 1969). To improve liquefaction resistance, soil 

improvement techniques, such as dynamic compaction, stone columns, vibro-compaction, 

and grouting, are commonly used in practice. 

Natural cementation, created through biochemical deposition and weathering processes 

(Morad 1998), has been shown to increase sandôs resistance to seismic loading (Clough et al. 

1989). Following similar principles, artificial cementation, such as Portland cement (Saxena 

et al. 1988), calcite cement (Sharma and Fahey 2004), and colloidal silica grout 

(Diaz-RodrIiguez et al. 2008) can also reduce susceptibility to liquefaction and deformation 

potential.  

In recent years, microbial induced carbonate precipitated (MICP) cementation techniques 

have been proposed as a new soil grouting method to improve soil load-resistance in an 

environmentally friendly manner (DeJong et al. 2010; DeJong et al. 2013). Researchers have 

verified the ability of MICP to increase soil strength and stiffness through laboratory tests 

(e.g., DeJong et al. 2006; van Paassen et al. 2010; Chou et al. 2011; Chu et al. 2012; 

Martinez et al. 2013; Feng and Montoya 2014; Feng and Montoya 2015), in situ tests 
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(Burbank et al. 2011) and micro-scale tests (Lin et al. 2014). Particularly, Montoya et al. 

(2013) conducted centrifuge model experiments and cyclic simple shear tests to validate the 

ability of MICP cementation to reduce soil liquefaction susceptibility and found that MICP 

treatments improves the behavior of soil under seismic loading by decreasing excessive pore 

pressure and deformation. Burbank et al. (2013) evaluated the improvement of MICP 

cementation on soil liquefaction resistance through cyclic triaxial tests and confirmed the 

feasibility of MICP cementation to increase dynamic loading-resistance of in situ soil. Other 

researchers, such as Fauriel and Laloui (2012) and Feng et al. (2015), have proposed 

numerical models for exploring the behavior of MICP cemented soil. 

Cyclic characteristics of soils can be tested through cyclic triaxial testing, resonant 

column testing, and cyclic simple shear testing. Cyclic triaxial testing provides good 

measurement for evaluating cyclic strength but yields limited accuracy on dynamic moduli; 

resonant column testing is good in dynamic moduli measurement but limited in regard to 

cyclic strength and excessive pore pressure evolution. To obtain both dynamic moduli and 

cyclic strength, researchers would choose to do both tests, which is ineffective and costly. 

Another cost-effective and time-saving alternative is to use cyclic triaxial equipment with 

embedded bender elements, which is the method adopted by authors in current work.  
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In this chapter, the author conducted a series of cyclic triaxial experiments on untreated 

and MICP cemented Ottawa 50-70 sand and evaluated the improvement of MICP 

cementation on soil behavior and pore pressure evolution characteristics. In particular, 

bender elements, which are effective on estimating maximum shear modulus, are 

implemented in this research. Shear wave velocity measured by bender elements not only 

provides effective monitoring during MICP cementation process, but also allows the 

assessment of small strain modulus of both uncemented and cemented soil. Dynamic 

modulus degradation characteristics during cyclic loading are analyzed and compared with 

data from other cemented soil found in literature. Finally, the uniformity of MICP 

cementation treatment are obtained and discussed. 

 

6.2  Materials and experimental methods 

Ottawa 50-70 sand was used in the experiments, whose particle size is compatible to the 

size of bacteria used herein (DeJong et al. 2006). Table 6.1 summarized the grain size 

characteristics of Ottawa 50-70 sand. 

S. pasteurii (American Type Culture Collection, ATCC 11859) was chosen as the 

biological organism to produce calcite through metabolism (i.e., urea hydrolysis). To 
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generate the bacteria with the desired population, a media (ATCC 1376) consisting of 20 g/L 

of yeast extract and 10 g/L of ammonium sulfate ((NH4)2SO4)) was used and suspended in a 

0.13 M Tris buffer at a pH of 9. The growth media was inoculated with the S. pasteurii stock 

culture aerobically at 30 °C in a shaking incubator at 200 rpm until the desired optical 

density was reached, ὕὈ Ū  1.0 (approximately 40 hours before harvesting). The 

suspended culture was then centrifuged at 4000 g for 15 minutes. The supernatant was 

removed after the centrifuge period and replaced with fresh growth media. Finally, the 

desired bacteria were stored in the centrifuge vials at 4 °C until used. Detailed bacteria 

preparation method can be found in Mortensen et al. (2011). 

A two-phase cementation treatment procedure, which is composed of an initial biological 

injection and multiple cementation injections, was used to induce the cementation to the 

desired level. Initially, the bacteria were inoculated into the soil specimens at a constant flow 

rate of 10 mL/min using a peristaltic pump. The bacteria were then retained in the soil pore 

space for a period of at least 6 hours to allow the bacteria to attach to the sand particles. In 

the following phases, the cementation media was introduced into the soil specimens at the 

same flow rates and repeated at an interval of at least 4 hours. The chemical recipes for 

biological and cementation injection phases are listed in Table 6.2.  
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Soil specimens were prepared by dry pluviation to target relative densities (i.e., DR Ū

35%) before a seating pressure was applied. After specimen preparation, a small amount of 

vacuum was applied to the soil pore space via the triaxial cell back pressure ports. At this 

time, the split mold was removed and the actual height and diameter of the specimen was 

determined. The actual initial void ratio of specimens is listed in Table 6.3. The vacuum 

applied to the pore space of the specimens was slowly removed as the cell pressure applied to 

ensure that the specimens were not over consolidated.  

Before cementation treatments were conducted, the specimens were seated under 

confining pressure (i.e., 100kPa) for a period of time to ensure cell pressure was stable (e.g., 

no reading variation in the pressure panel). The initial shear wave velocity was then read 

before cementation treatment, in which stage the biological and cementation injections were 

conducted as mentioned above. To monitor the bacteria activity during treatment, the pH of 

the effluent in each treatment was measured. Using the cementation media in Table 6.2, a pH 

value around 9 indicates the urea has been consumed by the bacteria and the pore fluid 

remains alkaline (e.g., positive conditions for the cementation process). Cemented specimens 

were treated with about 20 pore volumes of cementation medium. After each treatment, shear 

wave velocity was read using the built-in bender elements in triaxial cell. The cementation 
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content was determined post-shearing using the gravimetric acid washing technique 

discussed below. In the current work, only light levels of cementation were investigated, 

since heavily cemented soil has the potential to amplify ground motions, as indicated by 

Montoya et al. (2013). 

After cementation, the effective confining pressure was held constant and the specimens 

were back-pressure saturated until a B value of 0.95 or higher was achieved. A cyclic triaxial 

system from GCTS was used in current research. The sine waveform load was used with a 

frequency of 0.05 Hz. Liquefaction was defined as the stage when axial strain exceeds 3%. 

Upon completion of the shear strength testing of the specimens, vacuum was applied to 

the pore space of the specimen. The specimen was divided into six evenly spaced sections, 

approximately 1 inch each, along the height of the specimen. During dissection of the 

specimen, each section is carefully removed to ensure an accurate representation of the 

cemented sand at that sample height. The oven-dried mass of the each section was recorded 

before and after washing with 1M HCl acid. The dissolved calcium carbonate and acid 

solution was rinsed multiple times allowing the dissolved salts to be rinsed from the soil. The 

difference between the two measured masses was taken as the mass of calcium carbonate and 
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the percentage of mass of calcium carbonate is expressed as the mass of calcium carbonate 

divided by the mass of the soil (Mortensen et al. 2011). 

 

6.3  Results and discussions 

6.3.1 Cyclic loading characteristics of soil 

The resistance of saturated sand to liquefaction depends on several factors, such as 

relative density, confining stress and cementation levels. The study presented herein focuses 

on varying the relative density and cementation levels. All of specimens are subjected to 

cyclic loading under 100 kPa initial effective confining pressure.  

Under different cyclic shear stress ratios (CSR), which is defined as the maximum cyclic 

shear stress divided by the isotropic consolidation stress, specimens will experience different 

number of cycles to approach failure, which are demonstrated by the mechanical responses of 

representative specimens in Figures 6.1 to 6.7. In these figures, cyclic loading shear stress 

have been normalized by effective consolidation stress and plotted against cyclic numbers in 

sub-figures a; excess pore water pressure ratio, which is defined as excess pore water 

pressure divided by effective consolidation stress, is plotted versus cyclic numbers in 
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sub-figures b; axial strain has been plotted against cyclic numbers in sub-figures c; 

relationship between normalized shear stress and axial strain are shown in sub-figures d; the 

effective stress path are demonstrated by normalized shear stress versus normalized mean 

effective stress in sub-figures e. To facilitate the demonstration of mechanical responses, the 

cyclic loading number at varying failure states for all of specimens are summarized in Table 

6.4. 

As mentioned above, specimens with similar initial relative density are likely to 

experience different mechanical responses under varying cyclic stress ratios, which is 

discussed for the untreated loose specimens in Figure 6.1 (CSR=0.14) and Figure 6.2 

(CSR=0.25), respectively. Under cyclic stress ratio of 0.14, the specimen didnôt reach excess 

pore pressure ratio of 1 until the 90th cycle. Following that, the specimen experienced 3% 

deformation at the 91th cycle and 10% deformation at the 94th cycle. In Figure 6.2, under the 

cyclic stress ratio of 0.25, the specimen quickly reached liquefaction and 3% deformation 

after 3 cycles; after 6 cycles, the specimen has reached 10% deformation. It is clearly 

demonstrated that the specimen is more susceptible to liquefaction at higher cyclic stress 

ratio. 
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Similar to the features of loose specimens, untreated dense specimens also behave 

differently under cyclic stress ratio of 0.14 (Figure 6.3) and 0.25 (Figure 6.4). Under cyclic 

stress ratio of 0.14, the specimen reached pore pressure ratio of 1 at the 661th cycle and 

obtained 3% and 10% deformation at the 663th and 678th cycle, respectively. Although the 

cyclic loading resistance of dense sand has been increased significantly compared to that of 

loose specimen, the occurrence of 3% deformation and 10% deformation is still close. In 

contrary, under cyclic stress ratio of 0.25, dense specimen reached excess pore pressure ratio 

of 1 after 34 cycles and obtained 3% deformation at the 38th cycle; but it reached 10% 

deformation after 102 cycles. The delayed deformation of dense specimen under higher CSR 

is different from the behavior observed from untreated loose specimens, in which large 

deformation occurred right after excess pore pressure exceeded 1. The delayed large 

deformation failure may be due to the rapidly increased dilative tendency after initial limited 

axial strain, which will increase the liquefaction resistance of dense sands.  

The responses of MICP treated sand are different under varying cyclic stress ratios, 

although their behaviors are also influenced by the cementation levels and distributions. The 

responses of specimens C-2 and C-3 under the same cyclic stress ratio of 0.14 are shown in 

Figure 6.5 and Figure 6.6 respectively. Although specimens C-2 and C-3 have the same 
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average cementation content, their cyclic loading responses are significantly different, which 

is likely related to the different cementation distribution within the sand. 

The specimen C-2 has approached liquefaction after about 100 cycles; in contrary, C-3 

specimen didnôt experience liquefaction until the 963th cycle. The difference in shear wave 

velocity of the two specimens may explain the observed difference in mechanical responses. 

Although specimens C-2 and C-3 have the same amount of cementation content, the 

distribution of cementation could be varying. Cementations precipitating on the 

particle-particle contacts may contribute more to the shear strength and stiffness compared to 

cementation outside the contacts, as indicated by DeJong et al. (2010). It is assumed that the 

difference in shear wave velocity comes from the varying distributions of calcium carbonate. 

In Table 6.3, the shear wave velocities of tested specimens have been listed. For MICP 

treated specimens, the shear wave velocities are recorded before and after treatment. It is 

noticed that the shear wave velocity for specimen C-2 prior to cyclic loading is 425 m/s; 

however, the shear wave velocity is 676 m/s for specimen C-3 prior to cyclic loading. The 

different shear wave velocity indicates different distribution of cementation to the two 

specimens, thus leads to varying increase in strength, which indicates that shear wave 



 

 

 

184 

 

velocity may be a better method to reference MICP cementation level compared to average 

cementation content value. 

To show the influence of cyclic stress ratio on the behavior of cemented soil, the response 

of specimen C-4 under cyclic stress ratio of 0.25 is presented in Figure 6.7, from which a 

clear dilative tendency was observed to initialize when excess pore water pressure was close 

to effective consolidation stress, which leads to the reduction in positive excess pore pressure 

and thus increases liquefaction resistance of sand. Similar to the behavior of untreated loose 

sand, treated specimen experienced a short duration from the state at excess pore pressure 

ratio of 1 to the state at 10% deformation, although specimen with higher cementation level 

(e.g., 1.5%) under higher CSR tends to have extended interval between these two states.  

To explore the cyclic behavior of soil, CSR is plotted against the number of loading 

cycles at liquefaction in Figure 6.8, in which the number of loading cycles to trigger 

liquefaction was chosen as the cycle when 3% axial strain occurred. The number of loading 

cycles at other liquefaction criteria, including excess pore pressure ratio of 100% and 10% 

axial deformation, are also listed in Table 4. It is demonstrated that the liquefaction resistance 

of loose Ottawa 50-70 sand has been improved with light levels of MICP cementation (i.e., 
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average mass of calcite around 0.9%), which is close to the liquefaction resistance of Ottawa 

50-70 sand around 78% relative density. 

 

6.3.2 Excess pore water pressure development 

Under the motion of earthquake or other kinds of vibration, excess pore pressure is 

accumulated within soil elements. For loose state soil, positive excess pore pressure would be 

induced, which, at some point, approaches the initial effective confining pressure, indicating 

a zero effective stress. During undrained cyclic loading of saturated soils, the excess pore 

pressure generation is greatly affected by the principal stress rotation, which reverses the 

direction of shear stress. For specimens without initial static shear stress, tension and 

compression half loading cycles are included in one loading cycle. The presence of 

cementation has been verified to increase both tension and compression resistance of sand 

specimens (Feng and Montoya 2014, 2015), thus modifications on the pore pressure 

development are possible. In this section, excess pore pressure evolution from representative 

specimens is selected for analysis. Note that the pore pressure is normalized by initial 

effective confining pressure and cyclic loading cycles are normalized by the number of 

cycles to liquefaction (i.e., excess pore pressure ratio at 1), which are plotted in Figure 6.9. 
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Note that the average excess pore pressure under each cycle was chosen to make the 

comparison.  

In Figure 6.9, three kinds of specimens (i.e., loose, dense and cemented soil) are 

compared. The selected specimens are L-3, D-2 and C-2, since they all approach 10% 

dynamic deformation after around 100 cycles. It is found that the pore pressure evolution for 

both loose and dense uncemented soil is almost overlapped except for the stage that is close 

to liquefaction failure, indicating a greater dilative tendency (i.e., suppress positive pore 

pressure) from dense specimen. MICP cemented soil, in contrast, presented a slower 

accumulation of positive pore water pressure during cyclic loading compared to uncemented 

soil, which is also reported by Montoya et al. (2013) from centrifuge model tests. However, 

when the cemented specimen is approaching liquefaction, its pore water pressure increased 

abruptly. These may point out the different improvement mechanism on liquefaction 

resistance from dense sand and MICP cemented sand. In dense sand, increased dilative 

tendency is showed at relative larger axial strain (e.g., 1% or higher), as reported by Feng and 

Montoya (2015), thus suppress the generation of positive pore pressure at the final stage of 

cyclic loading in which larger axial stain is initialized. In contrary, increased dilative 

tendency is initialized at relative small strain (e.g., 0.3% as reported by Feng and Montoya 
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2015) for MICP cemented sand, which slows down the generation of excess pore pressure in 

the beginning and middle stages of cyclic loading. When the majority of the bonds are 

broken, the behavior of MICP cemented soil become similar to that found from loose 

untreated soil. In summary, the strain at which the dilative tendency is initialized determine 

the different pore water pressure generation pattern during cyclic loading. Clough et al. (1988) 

reported different pore pressure generation pattern for Portland cement treated sand, in which 

they claimed that cemented soil has a similar or faster pore pressure curves than those for 

uncemented sands. The different modification on small strain mechanical properties (Feng 

and Montoya 2015) from MICP cementation and Portland cement may explain the different 

pore pressure curves. 

 

6.3.3 Dynamic modulus 

As a basic parameter of soil, maximum shear modulus Ὃ , is often used in the analysis 

of small-strain problems or as a reference value for large deformation problems, such as 

earthquake loading. Maximum shear modulus can be determined using shear wave velocity, 

ὠ, measurements from in-situ tests, such as crosshole tests, and laboratory tests, such as 

bender element tests, which typically provide small strain amplitude (10
-6

 or less). In this 
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paper, authors chose to use bender elements to evaluate maximum shear modulus of 

specimen before and after treatment. Furthermore, shear wave velocity allows the monitoring 

of biochemical treatment process, as already adopted by Martinez et al. (2013) and Feng and 

Montoya (2014). 

 The critical target value in bender elements tests is shear wave velocity, which can be 

evaluated through the information captured by two bender elements built in soil bodies. 

During one shear wave velocity measurement, an electrical signal is applied to a bender 

element at one end, which is converted to mechanical wave to go through a soil element. On 

the other end, another bender element captures the mechanical wave and converts it to 

electrical signal. Both the transmitted and received signals are analyzed and used to decide 

the time delay, T. By knowing the length, L, between two elements, the shear wave velocity 

can be calculated simply as ὠ ὒȾὝ. Wave propagation theory is then used to determine 

small-strain modulus Ὃ , which has the following relationship with shear wave velocity 

 Ὃ ”ὠéééééééééééééééééééééééééééé. (6.1) 

Where ” is the soil specimenôs density. 
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Using the method mentioned above, maximum shear modulus can be determined and 

summarized in Table 6.3, in which it is found that the maximum shear modulus of 

uncemented loose specimens has been increased from around 50 MPa before treatment to 

300-900 MPa after treatment. The average cementation content and distribution of calcite 

affect the actual increase of maximum shear modulus. 

During cyclic loading, the shear modulus decreases with the increase of number of 

loading cycles, which can be characterized by modulus reduction curve. Modulus 

degradation index, e, which is defined as the ratio of secant modulus (Ὃ ) at loading cycle 

N to the secant modulus at the first cycle (Ὃ ), is adopted to investigate modulus 

degradation characteristics. Similar methods were also adopted by Idriss et al. (1978) for 

cyclic triaxial tests and Porcino et al. (2012) for cyclic simple shear tests. The method to 

determine Ὃ  under each cycle was shown in Figure 6.10a, in which one typical loading 

cycle was presented. Secant shear modulus was calculated by the expression     

 Ὃ † Ⱦ‎ éééééééééééééééééééééééééé. (6.2) 

Typical specimens, L-3 and C-2, were selected to represent the general responses of 

uncemented and cemented soil. Modulus degradation index was plotted against the number 

of loading cycles and axial strain in Figures 6.10b and 6.10c, respectively, from which it is 
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observed that MICP cemented soil has a slower degradation characteristics with increased 

loading cycles and axial strain compared to uncemented soil. In contrary, Porcino et al. (2012) 

investigated both uncemented soil and lightly silicate grouted soil and found consistent 

degradation characteristics between them, which indicate that the silicate grout does not 

modify the constitutive modulus versus strain relationship. However, MICP cementation 

seems to not only prevent the development of strain in the loading cycles but also change the 

constitutive modulus degradation pattern.  

 

6.3.4 Cementation uniformity  

Traditional cementation medium, such as Portland cement and gypsum, are used in 

geotechnical laboratory by moist or dry mixing methods (e.g., Clough et al. 1988 and DeJong 

et al. 2006), which were designed to achieve a relatively uniform distribution of cementation 

agents along specimen height. Since the MICP cementations are attained by a biochemical 

injection method in the current experimental procedure, it is necessary to examine the 

uniformity of cementation distribution. Furthermore, as mentioned above, Clough et al. 

(1988) indicated that the cementation distribution of naturally cemented soil is not uniform 

and the weaker cemented layer in cemented soil was possible to control its behavior under 
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severe loading conditions, so it is of practical value to report and discuss the cementation 

uniformity. In this section, the distribution of cementation for all of cemented specimens was 

analyzed and compared. For each of the specimen, 6 evenly distributed sections were divided 

along the specimen height and corresponding cementation content was determined by acid 

washing method. For convenience of presentation, section number 1-6 was assigned to each 

part of the specimen with the sequences of section 1 at the bottom and section 6 at the top. 

Cementation value of each section was plotted at its middle position (e.g., a height value of 

5.5 was chosen for section 6).   

In Figure 6.11, the cementation distribution of five cemented specimens is plotted. As 

mentioned above, both biological and cementation injections were conducted from bottom to 

top for tested specimens (except for the specimen C-3), which lead to the higher cementation 

level at the bottom sections due to their closer injection distance to injection port. Similar 

cementation distributions are also reported by Martinez et al. (2013) and Feng and Montoya 

(2015), in which they adopted similar bottom to top treatment methods. However, the 

treatment method for specimen C-3 was different compared to the other specimens. The 

biological solutions was still pumped from bottom to top, but the first cementation injection 

was conducted from top to bottom and in the following cementation treatments, injection 
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direction was changed to the opposite way based on the injection direction of previous 

treatment. Using these sequences of treatment, uniform cementation distribution was also 

achieved but a higher cementation level was obtained in the top section. According to 

Martinez et al. (2013), the injection direction of biological treatment dominates the 

distribution of precipitated calcite; however, authors in this paper found varying cementation 

distribution of specimen C-3. In the work of Martinez et al. (2013), they used consistent 

top-bottom cementation medium treatment method when they injected biological solution 

from the bottom; in contrary, the direction of cementation medium treatment for specimen 

C-3 was changed between top-bottom and bottom-top during the entire processes. Further 

researches could be needed to verify whether the change of cementation treatment sequences 

causes the different calcite distribution. 

 

6.4  Conclusions 

In this chapter, the liquefaction resistance of clean sand and MICP cemented sand 

specimens was investigated and their mechanical responses, such as excess pore pressure 

curve, modulus reduction curve and stress path, are analyzed, discussed and compared to 

previous researches. The conclusions are summarized as follows: 
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1. From the cyclic stress ratio versus cyclic number curve, it is verified that a light 

level of MICP cementation has improved the liquefaction resistance of loose sand and 

experienced similar behavior to that of dense sand; 

2. Two MICP treated specimens with the same cementation content behave differently 

under same cyclic stress ratio, which indicates that average mass of calcium content may not 

be an accurate way to evaluate the behavior of MICP cemented soil; instead, the recorded 

shear wave velocity comply with the responses observed from cyclic loading (i.e., specimen 

with larger shear wave velocity exhibits stronger liquefaction resistance). In practice, the 

combination of measurement of shear wave velocity and calcite content is good for accurate 

estimation of the behavior of MICP cemented soil; 

3. During cyclic loading, MICP cemented specimens demonstrate slower generation of 

excess pore water pressure compared to uncemented loose and dense soil; but excess pore 

pressure rises abruptly when the specimen is approaching liquefaction, which is similar to the 

behavior found from uncemented loose specimen at the near-liquefaction state, in contrary, 

the excess pore pressure of uncemented dense specimens is suppressed when liquefaction is 

approaching; 
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4. MICP cemented sand presents lower and slower modulus reduction properties 

during cyclic loading compared to uncemented sand, which is different from the findings by 

other studies with silicate-grouted sand; 

5. Relative uniform distribution of calcium carbonate is achieved for all MICP 

cemented specimens, although the cementation level tends to be higher at the bacteria 

solution injection port (i.e., bottom port); one exception occurs to the specimen that was fed 

cementation medium in both top-down and bottom-up directions, in which cementation 

content is higher in the top port. 
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Table 6.1 Sand Characteristics 

Ὀ (mm) ὅ ὅ Ὃ Ὡ  Ὡ  Shape 

0.22 1.4 0.9 2.65 0.55 0.87 Round 

 

 

Table 6.2 Chemical Recipe of Injection Media 

Chemical Name Biological Injection 

Concentrations (mM) 

Cementation Injection 

 Concentrations (mM) 

Urea 333 333 

Ammonium Chloride 374 374 

Calcium Chloride 0 50 
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Table 6.3 Soil Characteristics 

Tested  

Soil 

Number 

Relative 

Density 

(%) 

Vs before 

treatment 

(m/s) 

Vs after 

treatment 

(m/s) 

Average 

Cementation 

Content (%) 

Applied 

Cyclic 

Stress 

Ratio 

Ὃ  

(Mpa) 

L-1 35 179 / 0 0.075 48 

L-2 35 176 / 0 0.1 46 

L-3 38 187 / 0 0.14 52 

L-4 36 188 / 0 0.25 53 

L-5 34 180 / 0 0.37 49 

L-6 39 195 / 0 0.45 57 

D-1 75 209 / 0 0.14 66 

D-2 78 212 / 0 0.25 67 

D-3 74 210 / 0 0.45 66 

C-1 40 185 516 0.9 0.075 399 

C-2 38 184 425 0.6 0.14 270 

C-3 39 186 676 0.6 0.14 685 

C-4 38 182 796 1.5 0.25 950 

C-5 39 183 640 0.84 0.45 614 
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Table 6.4 Cycle numbers at varying failure states 

Tested 

Soil 

Applied 

Cyclic Stress 

Ratio 

N at Excess Pore 

Pressure Ratio of 1 

N at 3%  

Axial Strain 

N at 10%  

Axial Strain 

L-1 0.075 11411 11443 11452 

L-2 0.1 403 416 423 

L-3 0.14 90 91 94 

L-4 0.25 3 3 6 

L-5 0.37 2 2 4 

L-6 0.45 2 2 4 

D-1 0.14 661 663 678 

D-2 0.25 34 38 102 

D-3 0.45 2 3 11 

C-1*  0.075 / / / 

C-2 0.14 98 101 105 

C-3 0.14 963 964 968 

C-4 0.25 17 19 26 

C-5 0.45 2 2 4 

*Liquefaction didnôt occur after 30000 cycles of loading. 
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Figure 6.1 Cyclic loading responses of untreated loose specimen under cyclic stress ratio of 

0.14. a) normalized shear stress curve b) normalized pore pressure curve c) axial deformation 

d) normalized shear stress versus axial strain and e) normalized stress path 
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Figure 6.2 Cyclic loading responses of untreated loose specimen under cyclic stress ratio of 

0.25. a) normalized shear stress curve b) normalized pore pressure curve c) axial deformation 

d) normalized shear stress versus axial strain and e) normalized stress path 
































