ABSTRACT
ZAMANI. ATEFEH. Liquefaction Mitigation of Silty Sands with Microbial Induced Calcium
Carbonate Precipitation (Under the direction of Dr. Brina Montoya).
Liquefaction is a phenomenon that happens in loose, saturated cohesionless soils such as
sands and silty sands resulting in devastating consequences such as large settlements, collapse of
buildings, and differential settlement. Liquefiable soils require remediation to reduce the
consequences of liquefaction. There are many methods available for improving sands, however,
many of these methods can be restricted when being applied to silty sands. These restrictions
include lower permeability, environmental impacts, and higher costs. Therefore investigating the
application of a new and more natural soil improvement method which can overcome these
restrictions is necessary. Microbial induced calcium carbonate precipitation (MICP) is a new
emerging soil improvement technique that utilizes biochemical activities for cementing the soil.
Ureolytic bacteria are applied to hydrolyze urea and increase the alkalinity of the medium. In the
presence of calcium, calcium carbonate precipitation takes place. Research has shown that MICP
can increase the undrained shear strength and stiffness of soils while decreasing their permeability.
In this study, MICP is applied to investigate the changes in the shear response of silty sands at
varying levels of fines content. For that purpose, undrained monotonic and cyclic direct simple
shear tests were performed on untreated and MICP treated silty sand specimens at different levels
of silt content. The level of treatment was detected using shear wave velocity measurements. All
the specimens were treated up to a shear wave velocity of about 400 m/sec. The results show that
different parameters affect the changes in shear response as a result of biocementation such as the
level of fines content, relative density, and the skeleton and interfines void ratios. The level of

improvement also depends on the fabric governing the shear response of silty sands which can be
sand, silt or both depending on the fines content and void ratio of the soil.
Cyclic direct simple shear tests (DSSc) were performed on untreated and MICP treated soil
specimens with varying levels of silt content and at different levels of cyclic stress ratio. The results
show that the cyclic resistance improves with MICP. The level of improvement depends on the
fabric and structure of the soil. The improvement in cyclic resistance is compared to natural sand
and aged mine tailing material which shows that MICP can mimic natural processes which produce
cementation.
The lower permeability of silty sand is a restriction for applying conventional soil improvement
methods. Also, the permeability of soil decreases with applying MICP; therefore, investigating the
extent of this reduction and its effect on the in situ application is of interest. Constant head
permeability tests were performed on fine Nevada sand and silty sand specimens treated up to
different levels of shear wave velocity. The permeability of the soil decreases by applying MICP
on both sand and silty sand but the level of reduction is similar which a promising result is.
Numerical analysis was performed using finite element Seep/W and Sigma/W programs to model
the injection process of MICP treatment in situ. The modeling and calculations were performed
for the untreated state and after the soil had reached moderate levels of cementation (e.g. shear
wave velocity of about 400 m/sec). The results show that with reduction in permeability, higher
levels of excess pore water pressure are generated. In order to increase the level of allowable
injection rates, the improved strength and stiffness must be sufficient to counteract with the higher
levels of generated excess pore water pressure so that failure does not occur in the soil.
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CHAPTER 1: INTRODUCTION
When an earthquake happens, loose sands tend to contract and reduce in volume. In case of
saturated sands, the applied stress is transferred to the pore water, which is unable to drain in a
short of time. Therefore, the excess pore water pressure increases and the effective stress decreases.
As a results, loss of strength and stiffness along with large deformations takes places. This
phenomenon is called liquefaction. During 1964 earthquakes in Niigata, Japan and Alaska, major
damage occurred due to liquefaction (Idriss and Boulanger 2008). Thereafter liquefaction potential
and resistance for specific sites have been evaluated based on soil properties and seismic hazard.
This has led to the importance of undrained behavior of clean sand but silty sands have shown to
be more liquefiable than clean sands. This fact is due to their different structure and fabric with
the presence of fines. Liquefaction of silty sands has caused severe damages in regions close to
the surface. The Christchurch earthquake in 2011 is an example where saturated silty sand deposits
liquefied resulting in large deformations and damage to the infrastructure (Cubrinovski et al. 2011,
Green et al. 2012).
2.1 Background
The shear response of silty sands is different from sands due to the presence of fines. The addition
of fines to sand changes its inherent properties such as maximum and minimum relative density.
The shear response of silty sands is a function of the fines content, global void ratio, and relative
density, intergranular and interfine void ratio, and importantly the structure and fabric of the soil
(Lade and Yaamamuro 1997, Thevanayagam 1998, Thevanayagam and Mohan 2000, Rahman et
al. 2008). The presence of fines in sands affects its shear response through monotonic and cyclic
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loading (Wood et al. 2008, Yamamuro and covert 2001, Polito and Martin 2001, Salgado et al
2000).
The liquifiability of soils can be reduced by applying soil improvement methods. The method
should be compatible with the soil properties. In case of silty sands, application of the conventional
soil improvement methods becomes restricted due to the low permeability of this type of soil. The
permeability of sand decreases with the addition of fines which is a result of smaller pore throat
area (Belkhatir et al. 2013, Bandini and Sathiskumar 2009). Chemical grouting is the most
favorable soil improvement method for silty sands; however, issues such as the gelling time and
possible environmental impacts can restrict its application (Karol 2003). Therefore, there is a
requirement for a new and more natural soil improvement method, which is compatible with the
soil properties.
In the past few years, many studies have been performed to assess the application of biological
methods such as microbial induced calcium carbonate precipitation (MICP) for improving the
shear response of soils. As a result of biocementation, the soil particles are bonded together
resulting in higher strength and stiffness (DeJong et al. 2006, Whiffin et al. 2007, DeJong et al.
2010, Montoya et al. 2013, Montoya and DeJong 2015, Feng and Montoya 2015, Lin et al. 2016).
The permeability of the soil also decreases as a result of biocementation. Calcium carbonate
precipitation at the contact points results in a smaller pore throat area, reducing the permeability
(Martinez et al. 2013, Al Qabany and Soga 2012). Several studies have been performed to observe
the effect of biocomentation on sands, however, less attention has been paid towards applying this
method to silty sands which is the focus of this study.
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2.2 Objectives
As the first step, laboratory investigations on the effect of MICP on the monotonic and cyclic shear
response of silty sands with varying fines content is performed. The goal is to detect the important
parameters governing the changes in shear response as a result of biocementation. In addition to
the shear response, changes in permeability of silty sands through biocementation is a concern.
The presence of fines result in a smaller grain size and pore throats of silty sands compared to
clean sands, which leads to reduction in permeability. Changes in the permeability is important as
it dictates the ease in treating the soil with custom injection pressures and reasonable cost.
In this study, direct simple shear (DSS) testing method is chosen to assess the shear response of
untreated and MICP treated silty sand. Non-destructive methods (e.g., shear wave velocity
measurements) were applied as a proxy of the calcium carbonate precipitation while treatment was
taking place (Montoya et al. 2012). The soil specimens were prepared to have similar preshear
void ratios and were treated until reaching a shear wave velocity of about 400 m/sec. The changes
in undrained shear response due to the application MICP is observed comparing the monotonic
behavior of the specimens at different levels of fines content at their untreated and MICP treated
states. The soil specimens were tested using monotonic constant volume direct simple shear testing
method. The changes in shear response are evaluated observing the level of fines content, emax,
emin, relative density, skeleton and interfine void ratio.
The effect of MICP on the liquefiable behavior of silty sands is investigated by performing
undrained cyclic direct simple shear test on untreated and MICP treated silty sand with varying
fine content, similar void ratios and at different levels of CSR. Treated specimens were prepared
to reach a target level of improvement (e.g., shear wave velocity of about 400 m/sec). The onset
of liquefaction was determined as 3% shear strain (Ishihara 2003). The effect of MICP on the
3

cyclic response of clean Nevada sand and silty sand is compared to natural sand and naturally aged
mine-tailing material.
The MICP treatment improves the undrained monotonic and cyclic shear response. The level of
improvement depends on many factors such as the relative density, interfrines and intergranular
void ratio and importantly the fabric and structure governing the soil’s behavior.
Another important fact about applying MICP to silty sand is the reduction in permeability. Increase
in fines content itself results in a reduction of permeability. Recent studies have shown that MICP
treatment on sands also results in the reduction of permeability. In this study, sand with 0, 15 and
35% silt content were treated until reaching several desired levels of improvement and constant
head permeability tests were performed at each treatment level. The effect of MICP on the
reduction of permeability is discussed. In addition to the experimental work, numerical analysis is
performed to evaluate the effect of change on the injection rate and generated excess pore water
pressure. Numerical analysis is performed using Seep/W and Sigma/W programs. The goal is to
investigate possible changes in the injection rate and pressure while applying MICP using the
conventional soil improvement equipment. The model uses untreated and MICP treated soil
properties including, the permeability, friction angle and modulus of elasticity to detect the
changes in injection rates before and after treatment.
The results show that with applying MICP, the permeability decreases in all soil specimens. The
extent of reduction in permeability is similar in sands and silty sands. The results shows that
improvement in the strength and stiffness can overcome the increased levels of excess pore water
pressure as a result of reduction in permeability depending on the level of improvement.
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2.3 Layout
The results and findings of this study are presented within 6 chapters as the following:
In Chapter 2, a summary of the studies that have been performed on the properties, shearing
behavior and permeability of silty sand’s is presented. A review of MICP used as a liquefaction
mitigation technique is discussed.
Continued in Chapter 3, the results obtained from the monotonic DSS testing method is presented
for the untreated and MICP treated silty sand with varying fines content. The parameters affecting
the soil properties before and through MICP treatments are discussed in detail.
In Chapter 4, the results obtained from the cyclic direct simple shear testing method is presented
and discussed. The liquefaction resistance curves (CSR-N) are plotted for different silty sands in
their untreated and treated states. The stress-strain plots are compared between the untreated and
MICP treated soil at equal CSR values. Finally, improvement in liquefaction resistance is
compared to naturally cemented sand and aged mine tailing material.
In Chapter 5, changes in the permeability of Nevada sand and silty sands at different levels of
treatment is presented and discussed. The distribution of calcium carbonate through the specimens
is compared for the sand and silty sand specimens at different levels of treatment. The maximum
allowable injection rates for the untreated and MICP treated soil is calculated using Seep/W and
Sigma/W program. The changes in the treated zone area is calculated before and after treatment,
which reflects the effect of MICP on the strength and stiffness and consequently the maximum
possible injection rate. The changes in excess pore water pressure and the parameters affecting it
is discussed.
Finally in Chapter 6, the contribution of this study and future work is presented.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Liquefaction behavior of Cohesion less soil
The stress-strain response of sands under drained and undrained conditions depends on DR (relative
density), effective confining stress, and deposition method, among other factors. Undrained and
drained behavior of sand with the effective stress applied is presented in Fig 2.1. A soil having a
loose of critical state and sheared under undrained condition reduces in effective stress and
eventually liquifies.
In an undrained cyclic loading test, loose of critical soil tends to contract but with rearrangement
of soil particles the effective stress is transferred to pore water pressure therefore effective stress
(σ’) decreases and excess pore water pressure (∆u) increases. The cyclic loading will break all the
load bearing bonds between particles so that the soil skeleton will carry no load and the load is
fully transferred to the pore water pressure.
In a cyclic test ru is the excess pore water pressure (Δu) normalized by minor effective
consolidation pressure (σ’3) in a cyclic triaxial test or vertical effective consolidation pressure
(σ’vc) for a cyclic simple shear test. When the ru reaches value of “1” that is called “initial
liquefaction”. As ru gets close to 100%, the inverted S shape of stress-strains curve is observed
which is due to dilative tendency during loading and contractive tendency during unloading, as
presented in Fig 2.2.
The number of loading cycles, relative density, confining stress, depositional method, fabric, prior
stress-strain history etc., plays a significant role on cyclic strength. The cyclic shear ratio (CSR)
value affects the number of loading cycles triggering liquefaction. Higher CSR values will trigger
liquefaction in lower number of cycles. In a cyclic simple shear device, the CSR is defined as:
9

𝐶𝑆𝑅 =

𝜏𝑐𝑦𝑐
′
𝜎𝑣𝑐

The cyclic resistance ratio (CRR) is the CSR required to reach liquefaction in a specified number
of loading cycles. The CRR increases with increase in relative density. The CRR depends on
effective confining stress which is presenting the dilative and contractive behavior of soil [Figure
2.3]. The fact that CRR depends on both Dr and confining pressure is due to dependency of the
behavior of soil to its state with regards to CSL (Idriss and Boulanger 2008).
Laboratory tests have shown that the CRR of sand is highly dependent on depositional methods,
fabric, stress-strain history, age, cementation etc. [Figure 2.4].
There is also an effect of an initial static shear which is dependent on the relative density and
confining pressure. The behavior observed is mainly due to the effect of Dr and confining pressure
on dilative tendencies. The effect of initial static shear of Otawwa sand on CSR required to reach
3% strain with change in relative density is presented in Figure 2.5. With increase in static shear
stress, samples with higher relative density show increase in cyclic strength and sample with lower
relative densities exhibit lower cyclic strengths (Vaid and Finn 1979). Results obtained from cyclic
triaxial tests on tailing sand with Dr of 70% and at two confining stresses are also presented in
Figure 2.5b. With increase in confining pressure the cyclic strength decreases while at low
confining pressure it increases (Vaid and Chern 1985).
Rotation of principle stress is a major factor effecting generation of pore water pressure and shear
strains in undrained cyclic loading of saturated sand. In a cyclic triaxial test, there is no rotation of
principle planes until the cyclic deviatory stress exceeds the initial stress on the sample and then
there is a 90 degree rotation but in cyclic simple shear tests there is always rotation in principle
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stresses and this factor affects the effect of initial static shear on samples tested with cyclic DSS
and triaxial.
There is both a stress based and a strain based method to evaluate occurrence of liquefaction. The
strain controlled cyclic undrained loading in a triaxial test on loose Sacramento River sand is
presented in Figure 2.6 (Seed and Lee 1966). In practical application, using a strain based approach
will require estimation of shear strains induced by ground shaking which therefore requires
estimating both induced shear stress and the soil moduli. Therefore a stress based approach has
remained preferable in practice. In the present research stress based method has been used to show
the liquefaction behavior of soil.
2.2 Effect of Fines on Behavior of Silty Sand
2.2.1 Effect of fines on sand structure
With increase in fines content of silty sand, the maximum and minimum void ratio changes (Lade
et al. 1998). The range of void ratio that a soil can obtain also changes with increase in fine
contents. With increase in fines and when the soil is deposited with low amount of energy a more
unstable and compressible structure is obtained (Lade and Yamamuro 1997). The metastable
structure of silty soil when low amount of energy is used for deposition is presented in Figure 2.7.
Terzaghi (1956) and Hanzawa(1980) have explained the metastable structure of that explains the
liquifiability of silty sand. The void spaces between larger grains are left empty and the fines
occupy spaces between sand grains. The larger grains contact points have the role of carrying load
and they are left apart by fines. After applying normal and shear stresses, the fines slide into the
voids which are accompanied by a contractive volumetric strain. This collapse can be observed
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during both shearing and consolidation (Lade and Yamamuro 1997, Yamamuro and Covert 2001,
Wood et al. 2008).
The effect of depositional method on undrained response of silty sand has been presented in Wood
et al. (2008) and shown in Figure 2.8. In this study, specimens were constructed using different
methods such as: tapped funnel deposition (TFD), water sedimentation (WS), slurry deposition
(SD), mixed dry deposition (MDD) and air pluviation (AP). To compare these methods, samples
were prepared with the same consolidated void ratio with different silt content and prepared under
three different relative densities. The significance of depositional method showed itself when loose
samples were prepared and tested. In high densities, most of the silt grains are deposited in the
void spaces and therefore structure of soil is very much stable. To prepare loose samples, the dry
funnel deposition had shown a small degree of segregation. This method is simple, consistent and
reliable. Specimen constitution method has a significant effect on its undrained behavior and
therefore is of importance in liquefaction testing of loose silty sands at low confining pressure.
The relationship between fine contents, minimum and maximum void ratio is of interest.. Results
obtained for a gap graded soil such as Cambria sand have shown that the minimum and maximum
void ratios tend to decrease initially with adding fine and then they start to pick up again. Well
graded sand such as Nevada sand might not show clear changes in maximum and minimum density
when fine contents are increasing compare dto a larger grain sand which has larger void spaces. In
the latter, changes in emax and e min are much more obvious. Change in emax and emin for two different
gradations of Nevada sand is presented in Figure 2.9 (Lade and Yamamuro 1997).Properties such
as the grains size of host sand and angularity also affect the changes in void ratio with the addition
of fines. In general changes in amount of fine content affect the maximum and minimum densities.
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That means add of fines has an effect on the structure of the soil but this effect is unique for the
host sand and fine (Thevanayagam 1998).
The structure of sand and fines is also discussed in terms of force chain and particle activity. When
a soil is loaded, forces are transformed through an internal force-chain. Through a wide range of
grain sizes, it is possible that smaller particles don’t participate or are inactive in the chain as they
may be placed in void spaces provided by the host sand. Many studies have taken the internal
structure in consideration by assuming that the void ratio is “void ratio of sand structure”. To
calculate this void ratio, the presence of fines is ignored and it is assumed that fines don’t occupy
any space. This void ratio is referred to as “skeleton void ratio” or “granular or intergranular void
ratio”.
Effect of fines on a coarse grains soil mix, a fine grain soil mix and a layered soil mix is presented
in Figure 2.10. In the coarse grains soil mix, the coarse grains dominantly contribute to the soils
undrained response as they are mostly active in the force chain. In this category, fines are either
fully confined in the chain, confined and are partially in contact with coarse grains and at last
confined and act as a separator of coarse grains. There is also another definition which allows for
the void ratio to count for the amount of fines that are also active in the force chain. This void ratio
is referred to the “equivalent granular void ratio” and count for the fines which are active mostly
in the second and third case (Thevanayagam et al. 2002). As a result, the global void ratio will not
be a proper index to characterize the mechanical behavior of silty soil (Belkhatir et al. 2013,
Saldago et al. 2000, Thevanayagam et al. 2002).
The threshold fine content (fCth) is the amount of fines that separates the internal structure from
being governed by either coarser grain or finer grain soil. This value is observed to be between
fc=20-30% for silty sands (Thevanayagam and Mohan, 2000).
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Monkul and Yamamuro (2011), has shown the effect of relative size of sand and fines. Considering
the ratio D50/d50, where D50 is the mean grain size diameter of sand and d50 is the mean grain size
diameter of silt. When the D50/d50 ratio is small (less than 5), the liquefaction potential increases
and as this value increases, the liquefaction potential will decrease with increase in fine content.
According to this study, the D50/d50 is a much more pronounced factor influencing the liquefaction
potential. As this value decreases, the fact that sand still is supporting silt inside it is not valid
anymore. When minimum amount of fines are added and the D50/d50 is sufficiently high, the fines
will end up locating themselves in the voids of sand and therefore void ratio for same packing
method is kept constant, and no metastable contacts provided by fines can be observed. Another
important factor affecting the silty sand behavior is the confining pressure. The liquefaction
potential decreases with increase in confinement and leads to normal sand behavior as most of the
metastable contacts have already vanished by induced pressure (Lade and Yamamuro 1997).
Research shows that the shape of silt is also an important factor affecting the potential of
liquefaction. Round shape silts lead to less metastable contacts and therefore lower potential of
liquefaction. Soil gradation has also an impact on liquefaction potential. The C u of silty soil must
be determined and observed although, influence of this parameter is not observed precisely at low
values of silt content (Wood and Maeda 2008)
Relative density is not always a consistent basis for estimating the influence of fine content on
liquefaction potential. (Lade and Yamamuro 1997, Been and Jefferies 1985,1986). The same
relative density and same value of fine content might result in different liquefaction potentials.
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2.1.2 Effect of fines on undrained behavior of silty sand
To observe the undrained behavior of silty sand, serval studies have been performed and general
results obtained from them are presented herein.
Monotonic tests performed on Ottawa C-109 sand mixed with crushed non-plastic silica fines have
been performed using a systematic variation in fines content and the results obtained are presented
in Figure 2.11. All samples were consolidated with an effective stress of 350kPa in a Triaxial set
up. The results show that behavior of the sand became more dilative as the fines content increased.
In addition strain softening response changed to strain hardening as the fine contents increased
(Pietman et al. 1994). It must be noted that the moist tamped specimens did not have similar void
ratios preshearing but were all prepared to a similar void ratio before saturation and consolidation.
With increase in fine contents, both post consolidation skeleton void ratio and global densities
increased. The conclusion made by this series of tests, was with regards to preconsolidation void
ratio and cannot be concluded with post consolidation void ratio being the comparative measure.
Another series of tests were performed on Brenda 20/200 sand mixed with non-plastic fines and it
again shows similar effects of fine on the undrained shear strength compared to Ottawa C-109
sand. The slurry deposited samples showed more dilative response as the fine content increased
from fc=0-22.3% and the relative density also increases with increase in fine content in this range,
(Vaid 1994). It’s interesting to note that relative density of sand structure decreased (or
intergranular void ratio increased) with the addition of fines. Therefore the comparison factor plays
a significant role to obtain a trend in behavior.
Strain controlled axial compression test had been performed on both Nevada and Ottawa sand with
non-plastic Nevada fines (Lade and Yamamuro, 1997). The stress path with varying fine contents
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is displayed in Figure 2.12. The results obtained show that with increase in fine contents, the test
specimen showed a lower peak stress and more contractive behavior with increase in fines. This
behavior occurred even though both void ratio and relative density also increase with increase in
fine contents. The results show that for loosely packed silty sand with low amount of fines, the
contractive behavior was very much higher than clean sand itself especially at low confining
pressures.
With depositing a silty sand sample with low energy, the silt grains tend to fill up the void spaces
without having any effect on the mechanical behavior of the soil. They may fill up spaces that are
not part of the load bearing capacity chain. Figure 2.7 shows how the silt sits between sand
particles when applying a low energy to have a loosely packed sample. With low amount of
consolidation pressure, this structure stays in place before shearing happens but with applying
higher consolidating loads, the silt slides towards the void spaces and the soil skeleton will achieve
a much more stable structure. When applying the shear stress in an undrained condition, shearing
movement will lead to reposition of silt into void spaces. The soil tends to contract but in undrained
condition this will show as an increase in excess pore water pressure. While the excess pore water
pressure is increasing, the soil is also achieving a higher stability in structure leading to increase
in shear strength. Once the pore water pressure increase to a high amount it overcomes the stable
structure of the sample leading to liquefaction (Wood et al. 2008).
2.1.3 Effect of fines on cyclic liquefaction resistance
Several studies have been performed to evaluate the cyclic behavior of sands with increase in fines.
The results obtained show contrast as some state that with increase in fines, the cyclic resistance
decreases and others states that it will increase.
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Strain controlled test performed on moist tamped Ottawa C-190 sand with fines at constant void
ratios show that higher excess pore water pressure are built with increase in fines and also increase
in strain amplitude as presented in Figure 2.13 (Erten and Maher 1995).
A number of studies have used the void ratio to compare the states of specimens tested. The results
show that with a constant dry density, liquefaction resistance decreased with increase in fines (Vaid
1994, Erten and Maher 1995b, Thevanayagam et al. 2000, Polito and Martin 2001).
A number of studies have also suggested that the liquefaction resistance of a sand increases with
add of fines. A study performed on undisturbed silty sand specimens resulted in increases in
liquefaction resistance with increase in fine content. (Dezfulian 1982).
Cyclic tests performed on Ottawa sand showed that at constant post consolidation relative density,
adding fines led to increase in liquefaction resistance (Amini and Qi 2000). The results are
presented in Figure 2.14.
In addition to effect of fine content, increase in confining pressure showed to decrease the
liquefaction resistance of silty sand as presented in Figure 2.15.
In some other studies, the skelton void ratio (intergranular void ratio) has been used to compare
behavior of sands with varying fine contents. The results show that fines tend to increase
liquefaction resistant (Thevanayagam et al. 2000).
In a study performed by Polito and Martin 2001, the effect of fines on liquefaction potential has
been studied. The tests were performed on two different sands with varying silt content. The fine
contents changed while the void ratio, intergranular void ratio and relative density were kept
constant. Cyclic triaxial tests were performed on the samples prepared by moist tamping method.
The results obtained conclude that with increase in fine content, the cyclic resistance ratio initially
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decreases and then tends to increase. Change in cyclic resistance with increase in fines for this
study is presented in Figure 2.16.
The limiting fine content is the largest amount of fine content that can be kept in the sand skelton
without keeping the sand grains apart. The results show that for soils with silt content below their
limiting silt content, cyclic resistance decreases with increase in skelton void ratio but for soils
with silt content above its limiting value, cyclic resistance is relatively constant and independent
on the skelton void ratio, silt content and sand type but when skelton void ratio is kept constant,
cyclic resistance may change in a different manner for different types of soil. The results obtained
for cyclic resistance of Yatesville sand with add of fines is presented in Figure 2.17. The samples
are all at DR of 30% and effect of limiting fine content can be observed on the cyclic strength.
A number of studies have used the equivalent intergranular void ratio to compare the state of the
sand, The results show that with a reasonable value for the equivalent void ratio, the liquefaction
resistance becomes independent of fine contents (Thevanayagam et al. 2000, Rahman et al. 2008).
The cyclic liquefaction resistance curves of Monterey sand mixed with non-plastic Yatesville silt
and using the equivalent intergranular void ratio as a measure of the state (Figure 2.18).
Reporting the fines influence factor (b) is an important factor as the effect of fine can be evaluated
more precisely. The influence factor reflects the fraction of fines participating in the force chain.
Prediction of the b value is not easy and changes in different sand-silt mixtures (Rahman et al.
2008).
2.1.4 Effect of fines on permeability of sand
The Hydraulic conductivity plays a significant role on the distribution and dissipation of pore water
pressure. This role is of high importance in sand- silt mixtures during earthquakes. Effect of fines,
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void ratio, and soil gradation are also important factor in changing the hydraulic conductivity next
to undrained shear strength (Belkhatir et al. 2013, Bandini et al. 2009).
Liquefaction potential of clean sand has mostly been studied and less attention has been provided
on silty sand which is prone to liquefaction. As the hydraulic conductivity plays a role on pore
water pressure generation and dissipation, the effect of fines on hydraulic conductivity is of
interest.
According to the results obtained in previous studies, hydraulic conductivity decreases linearly
with increase in fines. In a study performed by Belkhatir et al. (2013), sub rounded Chlef sand
mixed with silt had been tested to evaluate the hydraulic conductivity with increase in silt content.
The results obtained are presented in Figure 2.19. The hydraulic conductivity decreases by four
orders of magnitude with addition of 50% fines. Effect of relative density can also be observed in
the results as with increase in density, the hydraulic conductivity reduces but its effect is less than
effect of fines.
With increase in fine contents, the intergranular void ratio increases and the hydraulic conductivity
decreases. This result shows that effect of intergranular void ratio is not the same as what believed
for global void ratio in sands. The fines fill up the voids leading to a reduction in permeability. In
addition the pore throats are smaller when fines are present leading to more time for conveying
flow. Other studies performed on sand with varying silt contents show reduction of one order of
magnitude with increase of about 10 to 15% fines (Thevanayagam 2000, sathees 2006).
In a study performed by Bandini et al. 2009, slurry deposited Ottawa sand with varying silt content
has been tested to define the effect of void ratio and fine content on permeability. The samples
were prepared by slurry deposition as they have a higher degree of saturation, homogenous and
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resemble loose deposited sands in hydraulic fills. The triaxial cell was used as the permeameter
and permeability was measured by both constant and falling head procedures. The effect of void
ratio, silt content and confining pressure can be observed in Figure 2.20. For each void ratio, the
amount of permeability reduces with one order of magnitude as the silt content increases.
Permeability decreases in all silty sand samples with increase in confining pressure. The void ratio
and volume of void not occupied by silt also decrease. The floating fabric plays a role in reduction
of void. In silty sand with floating fabric (Skelton void ratio being higher than emax of sand), change
in pore size is smaller.
2.2 MICP as a liquefaction mitigation technique
Along with many studies being performed to investigate the liquefiable behavior of silty sand,
many methods have been used to mitigate the liquefaction hazard of loosely deposited silty sand.
It’s very important to understand the basic mechanism of the improvement method for controlling
the quality. In addition, the method needs to be cost effective and easy to apply. In Figure 2.21,
the applicable soil improvement methods with regards to gradation are presented. The liquefaction
mitigation techniques applied on clean sand are easier to asses and also the methods available for
that purpose are more confidently used. There are different methods available to apply to soils
with varying gradation.
The methods can be categorized as the following:
1- Drainage-placing gravel drains to enhance pore water pressure dissipation
2- Void filling- grouting in the soil to reduce void spaces and move the soil towards
non-liquefiable state.
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3- Densification-

deep

dynamic

compaction

(DDC),

explosive

compaction

(EC),

vibro-compaction (VC) and compaction grouting.
4- Densification insitu with installing drainage and stone columns.
5- Insitu columns and walls of cemented soil
6- Remove and replace
With add of fines to sand, the applicability of the above mentioned methods to improve soil
properties will be very sensitive. As an example, installing drainage will be highly dependent on
the permeability of soil therefore in sand with even a low amount of fines; the permeability reduces
which leads to ineffectiveness of the method. Many of the methods applied on silty sand have
limitations due to the permeability of the soil being reduced by increase in fine content and
methods which are applicable (columns and walls constructed by cement deep soil mixing and jet
grouting) are more costly. Therefore to improve silty soil properties, new methods need to be
investigated which consider both the characteristics of silty sand and also cost related issues.
Other than the price and applicability, the majority of these techniques have shown to affect the
environment by many aspects such as noise, pollution in water or soil, change in vegetation etc. In
this condition using an environmental friendly method to achieve the same goals and eliminating
many of the other methods side effects is important.
Studies have shown the effectiveness of microbial induced calcium carbonate precipitation (MICP)
on improvement of engineering properties of sands (DeJong et al. 2006, Montoya and DeJong
2011, Feng and Montoya 2015). One of the most important factors being investigated is the
liquefying behavior of soil and the influence of MICP on it, which shows a considerable change
in the liquefying behavior of loose sands. Adding fines to the soil will lead to decrease in
permeability and finding other methods will be more sophisticated to apply on the soil. Several
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studies are performed on improving characteristics of clean sand with MICP and a summary of
them is presented below.
2.2.1 Definition of MICP
There are many organisms underground that affect the chemical and mechanical properties of soil.
Among all of them are bacteria which have a size compatible with pore spaces that makes them
mobile and survivable in different conditions. The relative size of organisms compared to soil size
is presented in Figure 2.22. Enzymes which microbes carry play a main role in geochemical
reactions. Increase in number of cells or enzymes activity leads to a higher reaction rate. Enzymatic
Hydrolysis of Urea is the most energy efficient process (DeJong et al. 2010) and Urease activity
has been found to exist in a wide range of microorganisms and plants.
MICP is a process in which the mechanical properties of soil improve efficiently with bacterial
activity. MICP is a biological method that induces calcium carbonate precipitation in the soil. The
subsurface bacteria can help with catalyzing the reactions to induce calcium carbonate and also act
as nucleation site for the mineral. (Fujita et. al 2000). The bacteria can be found in subsurface most
of the times. The bacteria can be augmented or stimulated to have them help in the reactions.
(Fujita 2008 and DeJong 2010). The MICP process is divided to three steps: bacteria growth,
bacteria metabolism (ureolotyic activity) and calcite precipitation. While calcite precipitation is
taking place, process monitoring is usually performed by nondestructive geophysical methods such
as shear wave velocity and conductivity to detect the extent of improvement in the soil. (Montoya
et al. 2011). MICP will lead to changes in soil structure such as decrease in void ratio, decrease in
permeability, increase in shear strength and decrease in compressibility. (DeJong et al 2010, 2013)
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The component required for the treatment process is applied without soil disturbance such as
mixing or replacement and modifies the soil by changing (DeJong et al 2013):
1-

Physical density

2-

Conductivity properties

3-

Mechanical Properties

Calcium carbonate can deposit uniformly on sand grain surfaces or preferentially where two sand
grains contact. To have a better load transfer, it is preferential to have bonds at particle contacts.
The degradation process is fracture in bio mediated sand. The fracture can take place in the middle
of cementation or at the contact between cementation and silica as presented in Figure 2.23. The
study performed on MICP treated sand, reveals that calcium carbonate precipitates at the contact
bonds and also thinly coats the sand grain. Biological activity can be interpreted rod-shape
impressions in the SEM images (Martinez and DeJong 2009).
Stocks fisher et al. (1999), investigated the physical and biochemical properties of CaCo3
precipitation by Bacillus Pasterurii which is an alkalophilic microorganism. In has been concluded
that the B. Pasteruii only provides nucleation site for precipitation and also an alkaline
environment for reaction to take place. The results also show that the microbiological CaCo3
precipitation began at pH 8.3+1 and was completed ta 9 and at this point 98% of Ca +2 was
precipitated. The finding of this study suggests that there is a potential to remediate porous media
with MICP. The chemical precipitation of calcium carbonate in water and in medium with PH
ranging from 8 to 13 were examined and compared to microbiological calcite precipitation. As
presented in Figure 2.24, the insoluble CaCo3 had increased as a function of PH in both water and
medium. While 98% of calcite was precipitated microbiologically at pH = 9, almost 30 to 40%
were precipitated chemically in water and in medium (Urea-CaCl2).
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The precipitation process can be controlled both chemically (availability of nutrients) and
biologically (availability of bacterial to hydrolyze urea and produce alkanity and carbonate). There
are also several other factors that affect the rate of precipitation. In a study performed by Al Qabany
et al. (2011), two liquid media input variables (retention time and liquid media concentrations)
have been investigated to observe their influence on MICP. The bacteria had an optical density
(OD600) of 0.8-1.2. The results obtained show that with a low input rate of liquid medium (less
than 0.042 mol/L/h) the chemical efficiency was higher than when high input rates were used. This
fact is due to the amount of time required for the bacteria to hydrolyze urea which had been less
than the input rate.
Al Qabany et al. (2011), also show that for same level of cementation, a lower input concentration
results in a homogenous distribution of precipitation in microscale. Therefore the soil properties
might also change with different patterns of cementation which will affect the contact bonds, load
transfer between bonds and also effect of cementation on reduction in permeability In addition;
the results obtained showed that with higher concentrations of nutrients, the calcite crystals are
thicker resulting in a faster decline in bacterial activity.
Martinez et al. (2013), has performed a study on MICP treated sand to optimize injection
techniques to improve cementation uniformity. The stopped flow and continuous flow injection
technique has been compared for the cementation phase of treatment. In general the stopped flow
technique leaded to a more uniform cementation distribution and less cementation concentration
at the injection point. Flow reversal between cementation and biological injection has little effect
on the final distribution of calcium carbonate and reduces the susceptibility to plugging. The urea
to calcium ratio can be decreased to unity which leads to less byproducts but it affects the carbonate
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precipitation and urease rates. The results also show that shear wave velocity measurements are
useful; nondestructive indicator for monitoring MICP.
Montoya et al. (2012), has shown that uratolytic bacteria are able to grow in both fresh and saline
water. The increased salinity enhances the rate of precipitation. In addition the urease activity is
not affected by high ammonium concentration (by products), cell free enzymes vs. viable cells or
anoxic conditions. Therefore in areas well below water table where oxygen is limited and also in
high ammonium areas the treatment can take place. The treatment uniformity can be achieved by
reducing the precipitation rate which can be one by increasing the ammonium chloride
concentration in the cementation recipe.
2.2.3 Methods of application
The bio cementation technique requires an application strategy. The two primary strategies are bio
augmentation (required microbes/bacteria are injected into the soil and bio-stimulation (where
natural microbes are stimulated). Bio-augmentation is less favorable due to injection of microbes
in the ground which may cause environmental effects, increase in cost, less homogenous
distribution of bacteria and the tendency of bacteria becoming dead due to environmental aspects.
On the other hand, bio-stimulation is more favorable as native bacteria are growing which are used
to the subsurface environment but still challenges such as uniform bacteria distribution and also
the time consuming aspect of stimulating is of concern. (DeJong et al. 2013) A combination of
these two is bio augmentation at low concentration followed by stimulation in situ or “microdosing” (Martinez 2012).
To consider Bio-cementation as a feasible technique to be applied, the byproducts should be of
concern. The first product is calcite which is desirable for bonding particles together but by
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products such as ammonium should be considered in relation to their generation, transport and
fate.
A study has been performed by Martinez and DeJong (2013) to upscale the MICP treatment
process to more realistic volumes by developing a scale repeated five spot treatment models as
presented in Figure 2.25 a. This method is commonly used in oil recovery application. This model
provides a flow symmetry condition which allows for improved laboratory model feasibility. In
this study a 0.5m by 0.5m box with 0.15m depth has been used to evaluate the treatment
distribution. Bender elements have been placed along the line of two injection and production
wells. A conventional two step treatment has been applied with having the first injection of
treatment through one injection well (from which the bacteria injection has taken place) and the
second injection has been performed from the production well. The spatial distribution of calcite
and shear wave velocity shows the benefit of bidirectional treatment method as presented in Figure
2.25 b. This method prevents excessive clogging at both injection and production wells and also a
fourfold increase is shear wave at the wells while having a two fold increase in shear wave velocity
at the other areas.
2.2.4 Effect of MICP on shear strength and stiffness
In a study performed by Al Qabany and Soga (2013), effect of chemical concentration on
unconfined compressive strength is observed which is presented in Figure 2.26. The results
obtained show that by using a low concentration of Urea-Calcium Chloride solution, the MICP
treated sand ( British standard grade D Silica sand) showed higher unconfined strength. Using
higher chemical concentrations (1M) showed to produce a less stable form of calcium carbonate
(Vaterite) which may be flushed out during treatments.
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DeJong (2006), has performed a study on applying MICP to Ottawa sand 50-70 prepared in a
Triaxial set up with treating the soil under 100 kPa cell pressure. Both Gypsum and biological
improvement methods were applied on samples with similar initial states. The treatment was
monitored by measuring the shear wave velocity and when the samples had reached a Vs of 540
m/sec, they were sheared in undrained condition. The MICP treated samples showed an increase
in axial capacity in undrained shearing as presented in Figure 2.27. The cementation has been
shown to degrade mostly in the first 1% strain (peak capacity). The MICP treated samples show a
non-collapsible strain softening behavior. The cemented bonds made with calcite precipitation
were confirmed by SEM images [Figure 2.28].
Martinez and DeJong (2009), have performed a large scale study on a loosely pluviated sand
underlying a foundation and undergoing loading. The injection and extraction ports had been
installed for treatment purposes. The MICP treated soil indicated a five-fold decrease in settlement.
The input load versus normalized vertical displacement (normalized by footing width) from both
treated and untreated test are presented in Figure 2.29. Failure of footing was observed as footing
rotation with minimal settlement. Little to no cementation has been observed near the corners of
the footing. Figure 2.29 shows columns of cemented sand being formed around each injection tube
and the cementation preference is in the direction of flow.
In a study performed by Montoya and DeJong 2015, MICP has been applied to Ottawa sand with
a relative density of 40% and under confining pressure of 100kPa. Both samples showed increase
in Vs due to cementation. For the biological treatment, the solution had been injected every 3-6
hours. Bender elements were also used to monitor proceeds in treatment. The treatment process
had been ceased at different stages of treatment to obtain samples with various levels of
cementation. The results obtained (Figure 2.30) show dramatic improvement in in shear strength
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and stiffness. The peak shear stress ratio increased with the level of cementation. Different stress
paths were used for evaluating the behavior of treated sand and results show that the stress paths
influenced the behavior of treated sand. The stiffness of bio-cemented soil has tended to decrease
up to 1% strain and then it becomes constant.
According to Figure 2.30, the results show that at larger strains, the sample with Vs=450 m/sec
shows a higher shear strength comparing to the sample with Vs=650 m/sec. This behavior is due
to a transition from strain hardening to strain softening when shear wave changes from 450 m/sec
to 650 m/sec which is also showing a change from global failure to local failure. With increase in
cementation the strain at which maximum shear strength is observed decreases. In addition the
critical state shear strength of cemented sand is different from the uncemented due to existence of
calcite which is an extra mass. Excess pore water pressure generation is also observed through
shearing. The results show that highly cemented sand shows dilative tendencies while sands with
initial shear wave velocity of 300 m/sec behaves like a transitional material (between untreated
and moderately cemented) and lightly cemented sand shows contractive behavior. Cementation
degradation has been observed and results show that shear wave velocity is influenced by
cementation breakage through shear band in high levels of cementation and are less influenced by
p’ while the shear wave velocity of lightly cemented samples through shearing is influenced by P’
rather than cementation. The undrained triaxial shear results also show an increase in equivalent
effective friction angle (Friction angle when assuming the cohesion is zero) with increase in
cementation as presented in Figure 2.31.
A study performed by Montoya et al. 2013 on dynamic and cyclic behavior of MICP cemented
sand shows that with applying MICP method, the cyclic strength and stiffness have increased and
improvement in liquefaction resistance was observed (Figure 2.32). When dynamic loading was
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applied, biocemented soil showed less pore water pressure generation at all levels of shaking, less
settlement and also greater peak surface accelerations. The settlement of MICP treated soil was
less than untreated dense samples before cementation had been degraded but afterwards, it had
shown to become higher. The results had shown that although MICP treated soil reduces the
settlement and pore water pressure, it increase the maximum acceleration at surface therefore the
site response evaluation is of importance as the goal will be improved liquefaction resistance while
minimizing the amplified ground surface motions.
Feng and Montoya (2015), performed a study on effect of confinement and cementation level on
the behavior of MICP treated soil. Ottawa 50-70 has been treated with MICP to reach different
levels of cementation (lightly treated, moderately treated and heavily treated) under three levels of
confining pressure (100, 200 and 400 kPa). Drained triaxial tests have been performed to eliminate
effect of pore water pressure on undrained test. Loose, medium dense and dense untreated sample
were also tested as a reference. The results show that the stiffness, peak shear strength and dilation
increase with an increase in calcite content in a specific effective stress. The dilation is suppressed
with an increase in confining pressure. The results show that improvement in peak and residual
friction angle and initial elastic modulus are dependent on levels of cementation and effective
confining pressure. MICP treated samples resulted in higher shear strength in comparison to the
untreated sample with the similar relative density. Peak strength increase with increase in
cementation level. Residual strength is similar for the lightly cemented and untreated sample while
the moderate and heavily cemented samples show an increase in residual shear strength which is
due to the roughness produced by calcite and also degraded calcite minerals acting as fines. The
volumetric behavior of MICP cemented sand shows an increase in dilation compare to the
uncemented sand with equal initial relative density. The peak and residual friction angle increases
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with increase in cement and decreases with increase in confining pressure. The initial modulus of
MICP cemented soil increases comparing to the untreated sand and is dependent on the level of
cementation.
In addition MICP treated samples, showed a uniform distribution in calcite and also cementation
in bonds between sands as presented in Figure 2.33.
2.2.5 Effect of MICP on permeability
As MICP is associated with reduction in permeability and mobility of treatments solution is of
interest. Injection of bacteria and nutrients will lead to full clogging at the injection port. The rate
at which the nutrients are injected is also an important factor in clogging the soil. One of the
important factors in different treatment methods is preserving the permeability while the ground
improvement is taking place. In a study performed by Whiffin et al. 2007, a 5 meter long column
had been treated (Top to Bottom) to evaluate the retention of permeability along with monitoring
the changes in mechanical behavior. The results obtained show that with high levels of calcite
content, the porosity decreases to 90% of its original value. With increase in calcite content (with
a reasonable value), change in strength and stiffness is observed. . The permeability had been
slightly reduced with the average permeability in length of column changing from 2x10-5 m/sec to
9x10-6 m/sec which is about one order of magnitude. The results obtained are presented in Figure
2.34.
In a study performed by Al Qabany and Soga (2013), the effect of chemical concentration on
permeability reduction of MICP treated sand was observed; see Figure 2.35. When sand samples
were treated with higher chemical concentrations, a less homogenous precipitation was observed
both in micro scale and microscale. The samples treated with high concentration were associated
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with localized clogging inside the sample which had resulted in an early reduction in permeability.
When low concentration of chemicals is used, the precipitation mostly takes place at the pore
throats and also well distributed therefore the mechanism of reduction in permeability is different
from higher cementation concentrations.
Martinez et al. (2013), has applied MICP on 5m long columns. The hydraulic conductivity has
been monitored for various treatment techniques (stopped flow (closed symbols), continuous flow
(open symbols)) with increase in cementation. In Figure 2.36 changes in permeability with regards
to the maximum shear wave velocity along the column is presented.

2.3 Evaluation of MICP by Nondestructive methods
To evaluate changes in soil properties, measuring shear wave velocity with non-destructive
methods is useful as they will not alter the properties of soil. Applying bender elements is an
effective method for this purpose.
A bender element is a thin; two layer plate that can be installed in moist soils. Shirley and Hampton
(1978) and Shirley (1978) introduced bender elements to soil testing. Dyvik and Madshus (1985)
have shown the agreement between Gmax measured with benders and Resonant Column.
Shear wave velocity is highly dependent on the effective stress in the propagation plane
(Stoke et al. 1985). Shear wave velocity is dependent on soil density, particle contact stiffness,
particle stiffness and degree of saturation (Lee and Santamarina 2005, DeJong et al. 2010).Shear
waves do not propagate through water therefore they are not sensitive to degree of saturation,
although in fine grain soil and at low degrees of saturation, shear waves might increase due to
increased matric suction. (Santamarina et al. 2001)
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Bender elements have been combined into many laboratory instruments such as Triaxial,
centrifuge and consolidation tests (Montoya and DeJong 2015, Montoya et. al 2013, Feng and
Montoya 2015). Bender elements have been applied to monitor cementation degradation sample
quality, onset of liquefaction, matrix suction (Mortensen et al. 2012).
The typical sending wave forms are square waves and sine pulses. If the bender is excited at
frequencies other than its resonant frequency, less energy is transmitted into the source shear wave.
A square wave includes a broad frequency range. With a square wave being inputted in a bender
element, it naturally responds at its resonance frequency and tuning is not necessary (Montoya et
al. 2012).
The shear wave velocity is estimated through monitoring the travel time required for a small strain
elastic shear wave to travel form the transducer to a receiving bender element with a known tip
distance. (Montoya et al. 2012). For dry soil and soil will low conductivity pore fluid the shear
wave velocity measurement is straightforward but in aggressive environments (high conductivity,
High values of ionic pore fluid, saturated clay, etc.) electromagnetic cross talk can alter the bender
signal and therefore causing difficulties in travel time estimations.
2.3.1 Bender elements in aggressive environments
Although benders are very much worth to apply in soil testing, there are difficulties accompanied
with them such as crosstalk due to electromagnetic coupling through the soil, mixed ration of both
P- and S- waves and uncertainty in determining the first arrival (Lee and Santamarina 2005).
To reduce the electromagnetic cross talk, a few important factors should be considered (Montoya
et al. 2012):
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-

Bender elements consist of two outer electrodes, two piezoelectric ceramics and a center

metal shim. The bender can be conducted as series wired or parallel wired. In the series wired (X
poled), the voltage command wire is connected to one of the outer conductors and the voltage
return is connected to the other outer connecter. In parallel wired benders (Y-poled). The voltage
command wire is connected to the inner conducted and both outer conductors are connected to the
voltage return. The parallel configuration inherently shields the signal with the two electrodes
being wired to the reference ground and this makes it more suitable to use in aggressive
environments.
- The cables used with benders have high influence on the signals. Shielded twisted pair cables
provide a signal with visible shear wave and are preferable in aggressive environments. In addition
the cable and benders should be compatible. The cable and bender should be selected in a way to
have an optimum power transmission. If the benders are going to be used in saturated conditions,
the Cable insulation should be waterproof
- Waterproof coating should be applied on the bender and cable. The waterproof material should
be chemically resilient to the pore fluid, maintain its structural integrity by bonding mechanically
to the transducer and also flexible enough to allow bender element deformation without altering
the integrity of the waterproof coating. Three waterproofing materials are recommended:
Polyurethane, Epoxy and PVC cement. Before applying these waterproofing coatings, applying a
primer is recommended. Before starting to coat the bender, it should be cleaned and lightly abraded
to ensure a perfect mechanical bond between the coating and bender.
2.3.2 Mounting methods of benders
Bender elements are mounted in three different ways depending on their application as shown in
Figure 2-.37:
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Floating: In this method, the benders are floating in soil. Benders floating in soil don’t need a
mounting frame therefore the wave generated and received are not influenced by the rigidity of the
frame. The location of benders is uncertain which affects the accuracy of the Vs values.
Permanent: The permanent installation of benders in rigid lab testing equipment requires
anchoring of the base of the bender in the rigid mount. These installations should be waterproof as
the cabling passes through the rigid mount and out of the testing apparatus. The anchor material
needs to be flexible enough to prevent any damage to the bender while generating wave and also
rigid enough to ensure that bender elements deformation primarily occurs in the soil. According
to the study performed on different materials, 100% silicone is the best material for anchoring the
bender.
Modular: The embedment material of the modules must be flexible enough to prevent vibration
from transmitting through the walls and rigid enough to provide cantilever anchoring. A silicone
disk provides these two requirements and also can provide a waterproof seal.
Soil-bender element coupling is required therefore to have signal transmission and reception, a
minimum 3mm length of bender embedment in soil is required for cantilever action.
2.3.3 Determination of travel time
Various methods have been examined to determine the travel time of shear wave velocity among
which are: first deflection, first zero crossover, characteristic peaks, cross correlation and phase
velocity.
Peak to peak measurement of travel time is not appropriate for square waves as the input wave and
generated have different shapes. The first zero cross over (See point C in Figure 2.38) has been
recommended for square waves (Lee and Santamarina 2005)

34

In many of the previous studies performed on MICP treatment of soil, bender elements have been
applied to measure the shear wave velocity while treating samples and inducing calcite
precipitation (DeJong 2006, Montoya et al. 2013, Feng and Montoya 2015). Application of benders
is valuable for this purpose as it evaluates improvement in treatment process without altering the
soils fabric and properties.
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Figure 2.1 Stress paths for monotonic drained and undrained loading in loose and dense of critical
states (Idriss and Boulanger 2008)

Figure 2.2 Response of Sacramento River sand to undrained cyclic triaxial loading (Boulanger
and Truman, 1996)
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Figure 2.3 Cyclic Triaxial tests results for clean Fraser Delta sand, showing cyclic stress and the
CRR causing 3% shear strain in 10 cycles (From Vaid and Sivathayalana 1996 in Idriss and
Boulanger 2008 )

Figure 2.4 Influence of the sample preparation method on CRR (Mulilis et al. 1977)
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b

a

Figure 2.5 Variation of the CRR for 3% shear strain in 10 cycles with initial static shear a-For two
different relative densities of Ottawa sand (From Vaid and Finn 1979 presented in Idriss and
Boulanger 2008), b-For two different confining pressures on tailing sand (From Vaid and Chern
1985 presented in Idriss and Boulanger 2008)

Figure 2.6 Stress-strain response of sand in strain controlled cyclic undrained loading in triaxial
test (Taken from Idriss and Boulanger 2008)
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Figure 2.7 Metastable structure of loosely deposited silty sand (Lade and Yamamuro 1997)

Figure 2.8 Effect of depositional method on undrained behavior of silty sand (Wood et. al 2008)
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Figure 2.9 Effect of sand gradation on minimum and maximum void ratio (Lade and Yamamuro
1997)

Figure 2.10 Effect of fines on a coarse grain, fine grain and layered soil mix (Thevanayagam et
al. 2002)
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Figure 2.11 Effect of fines on undrained behavior Ottawa C-109 with added fines (Pietman et al.
1994)

Figure 2.12 Effect of fines on contractive behavior of silty sand at low confining pressures (Lade
and Yamamuro 1997)
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\
Figure 2.13 Effect of fines and shearing rate on pore water generation of silty sands (Erten and
Maher 1995)

Figure 2.14 Effect of fines on liquefaction resistance of silty sand with constant relative density
(Amini and Qi 2000)
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Figure 2.15 Effect of confining pressure on liquefaction resistance of silty sand with constant
relative density (Amini and Qi 2000)

Figure 2.16 Cyclic resistance of Monetory sand at constant void ratio with variation in silt content
(Polito and Martin 2001)
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Figure 2.17 Variation in cyclic resistance with silt contents for Yatesville sand specimens prepared
by moist tamping for a 30% relative density (Polito and Martin 2001)

Figure 2.18 Cyclic resistance of Monterey sand and Yatesville silt when equivalent intergranular
void ratio is applied for effect of fines on cyclic resistant (Rahman et. al 2008)
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Figure 2.19 Changes in hydraulic conductivity with fine contents at 100kPa confining pressure
(Belkhatir et al. 2013)

Figure 2.20 Effect of void ratio, confining pressure and fines on permeability of silty sands
(Bandini et al. 2009)
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Figure 2.21 Applicable soil gradation ranges for different methods of ground improvement
(Mitchell 2008)

Figure 2.22 Comparative sizes of microorganisms and soil particles (Mitchel and Santamarina
2005)

Figure 2.23 Degradation processes that may occur upon fracture of Bio-mediated sands (Martinez
and DeJong 2009)
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Figure 2.24 Relationship between pH and CaCo3 precipitation induced chemically and
microbiologically (Fischer et al. 1999)

a
b
Figure 2.25 a-Five spot treatment model b-Calcium carbonate distribution in the laboratory model
prepared as the shadowed section in part a (Martinez and DeJong 2013)
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Figure 2.26 Relationship between Unconfined compressive strength and Calcium Carbonate
content (Al-Qabany and Soga 2013)

Figure 2.27 X ray compositional mapping of lightly cemented sand (DeJong et al. 2006)

Figure 2.28 Behavior of gypsum cemented and MICP cemented sand (DeJong et al, 2006)
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Figure 2.29 Effect of MICP on soil settlement beneath a footing (Martinez and DeJong 2009)

Figure 2.30 Undrained shear behavior of MICP treated sand with varying cementation levels
(Montoya and DeJong 2015)
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Figure 2.31 effect of Bio cementation on peak friction angle (Montoya and DeJong 2011)

Figure 2.32 Cyclic stress ratio vs. number of cycles to reach liquefaction (Montoya et. al 2013)

54

Figure 2.33 Scanning Electron Microscopy (SEM) images of moderately cemented sands
illustrating the bonding of sand grains (Feng and Montoya 2015)

Figure 2.34 Change in Calcite content, porosity and permeability through a 5 meter column
(Whiffin et al. 2007)
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Figure 2.35 Effect of cementation concentration on permeability (Al Qabany and Soga 2013)

Figure 2.36 Change in Hydraulic conductivity with the maximum shear wave velocity observed
through the column (Martinez et al. 2013)
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Figure 2.37 Different methods of mounting bender elements (Montoya et al. 2012)

Figure 2.38 Determination of first arrival (Lee and Santamarina 2005)
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ABSTRACT
The effect of non-plastic fines on the undrained shear response of sand depends on many variables,
including the level of fines content, skeleton void ratio (es), interfine void ratio (ef), global void
ratio (e), confining pressure, and relative density. The current study focuses on applying microbial
induced carbonate precipitation (MICP) to silty sands containing fines up to 35% to assess its
effect on the undrained shear response. Sporocarcina pasteurii, an alkalophilic soil bacterium is
used to catalyze the chemical reaction and induce calcium carbonate precipitation. Shear wave
velocity (Vs) measurements are used to assess the level of improvement, with a target Vs of around
400 m/s. Undrained monotonic direct simple shear loading is used to compare the undrained shear
response of untreated and MICP treated specimens with similar preshear void ratios of 0.7±0.05.
Reduction in the excess pore water pressure, reduction in flow behavior, and increase in undrained
shear strength are the general changes observed due to MICP. The results presented herein indicate
the effectiveness of MICP on silty sands depends on the relative density, level of fines content,
and the fabric governing the structure of the soil.

Key words: cemented silty sand; undrained shear strength; shear wave velocity; microbial induced
calcium carbonate precipitation; Sporocarcina pasteurii; skeleton void ratio; interfines void ratio.
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3.1 Introduction
Shearing loose, saturated, cohesionless sands in an undrained condition results in a reduction of
effective stress and an increase in excess pore water pressure. The decrease in effective stress
results in less shear strength and larger displacements. The addition of fine-grained particles to the
sand skeleton alters the soil’s inherent properties, such as the maximum and minimum void ratio
(Lade et al. 1998, Lade and Yamamuro 1997), the structure of particles (Wood et. al 2008,
Thevanayagam et al. 2002), and location of the critical state line (Bouckovalas et al. 2003,
Thevanayagam 1998, Naeini and Baziar 2004, Yang et al. 2006). The shear response of silty sand
is a function of several factors including the level of fines content, intergranular (i.e., skeleton)
void ratio (Kuerbis et al. 1988, Thevanayagam 1998, Thevanegham 2000, Thevanayagam et al.
2002, Rahman et al. 2008), confining pressure (Lade and Yamamuro 1997, Amini and Qi 2000),
relative size of silt and sand (Monkul et al. 2011), shape of silt and sand (Thevanayagam 1998),
soil depositional method (Wood et al. 2008) and relative density (Lade and Yamamuro 1997, Been
and Jefferies 1985,1986). One of the critical parameters affecting the behavior of silty sand is the
skeleton void ratio (es), which describes the void ratio of sand particles where fines are assumed
to be void space. The skeleton void ratio is calculated using Equation 1 (Thevanayagam 1998):
(1+𝑒)

𝑒𝑠 = (1−𝐹𝐶) − 1

(1)

where e is the void ratio and FC is the fines content of the soil.
The behavior of silty soils at low fines content is assessed using the es and the maximum void ratio
of sand ((emax)sand). A metastable soil structure forms in silty sands at low fines contents when it is
deposited with a low amount of energy and experiences low confining pressure. With a metastable
structure, the silt particles slide into the voids during shearing which causes a reduction of volume
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in a drained condition or increase in excess pore water pressure (i.e., contractive tendency) in an
undrained condition (Lade and Yamamuro 1997, Terzaghi 1956, Hanzawa 1980, Yamamuro and
Covert 2001, Wood et. al 2008). A strong contractive tendency is often observed within surface
layers deposited with low energy. For instance, in the Christchurch Earthquake of 2011, the areas
which liquefied consisted of clean fine sand and silty sand (with non-plastic fines) at depths of 6
to 10 meters (Cubrinovski et al. 2011).
The void ratio of the fines matrix (ef) is the void ratio of fines assuming that sand particles are not
present, and is determined using Equation 2 (Thevanayagam 1998) :
𝑒

𝑒𝑓 = 𝐹𝐶

(2)

Where e is the void ratio, and FC is the fines content of the soil. Changes in ef affects the behavior
of silty sands at higher fines contents where the influence of sand has diminished. The ef decreases
with an increase in fines content. At a threshold fines content, the ef falls below the (emax)fines,
indicating a stable structure in the fine fraction. At this point, the effect of sand on the shear
response has diminished, indicated by the high es, and the shear response of the silty sand is
predominantly governed by the fines (Thevanayagam and Mohan 2000, Thevanayagam et al.
2002).
Several soil improvement methods are available to improve loose, saturated, cohesionless sands
susceptible to liquefaction; however, fewer methods are applicable to silty sands due to their lower
permeability. The lower permeability of silty sands can affect the application or efficiency of the
soil improvement method. For instance, the efficiency of drains to reduce the excess pore water
pressure depends on the permeability of the soil; the lower permeability results in a slower
dissipation of excess pore water pressure (Thevanayagam and Martin 2002, Mitchel 2008). In
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addition, conventional ground improvement methods often are associated with environmental
impact issues. As an example, producing material from virgin rock for use in vibro replacement
stone columns or compaction piles require energy and results in air pollution (Blodgett 2004). In
addition, using cement in methods such as jet grouting is associated with greenhouse gas emissions
(Hendriks et al. 1998, Karol 2003). Therefore, investigating a new method that is compatible with
the low permeability of silty sands with less environmental impact is of interest.
Recently emerging biological methods harness processes that occur naturally in the subsurface to
improve the shear response of soil (Mitchel and Santamarina 2005, DeJong et al. 2013). Microbial
induced carbonate precipitation (MICP) is one such method that uses ureolytic bacteria to
hydrolyze urea, increasing the alkalinity of the pore fluid and inducing calcium carbonate
precipitation (Fujita et al. 2008, Stocks-Fischer et al. 1999). MICP treated sands exhibit an increase
in shear strength, shear stiffness, and dilative properties (Lin et al. 2016, Feng and Montoya 2016,
Burbank et al. 2013, Montoya et al. 2013, Chou et al. 2011, Van Paassen et al. 2010,
Whiffin et al. 2007 and DeJong et al. 2006). The precipitated calcium carbonate influences the
behavior of the soil by bonding the particles together and densifying the soil by decreasing its void
ratio (Montoya and DeJong 2015). The effect of MICP on the undrained shear response of sand
has been well studied; less attention has been paid to the use of MICP in silty sands.
In the present study, undrained monotonic direct simple shear (DSS) is used to observe the shear
response of untreated and MICP treated silty sand specimens with varying fines content (0 to 35%).
The specimens are prepared with a low amount of energy by dry pluviation and confined under
low confining pressures (50kPa) to mimic a highly contractive structure of silty sands. The
preshear void ratio of the specimens is 0.7±0.05. The DSS testing is performed on both untreated
and MICP treated specimens to assess the effect of MICP on the undrained shear response of silty
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sand through a change in the shear strength () and excess pore water pressure (∆u) with an
increase in strain. The change in maximum normalized shear stress (/’vc)max is also observed with
an increase in silt content for both untreated and MICP treated specimens. In addition, possible
parameters affecting changes in the behavior of silty sand through MICP is discussed in detail.
3.2 Material and Methods
3.2.1 Soil properties
The soils used for the present study include fine poorly graded sand, Nevada Sand, and non-plastic
silica flour, Sil-Co-Sil 52. The grain size distributions of sand and silt were determined by sieve
analysis and hydrometer testing. Nevada Sand contained particles finer than 0.075 mm. Therefore,
it was passed through the #200 sieve before preparing specimens to ensure known, consistent fines
content in each specimen. The grain sizes of the sand and silt are compatible with regards to
drainage and filtration criteria. The Terzaghi’s filter criteria states that: 1) D15filter < (4 to 5) D85 soil,
and 2) D15filter > (4 to 5) D15 soil (Holtz et al. 2011). In the present study, the Nevada Sand is the
“filter” and the silica flour is the “soil” in the context of Terzaghi’s criteria. The percent of fines
through the height of several soil specimens were evaluated after passing water. The results
showed that the fines were distributed relatively uniform and insignificant percent of fines (eg.
less than 0.5%) were lost with flow of water. The properties of the sand and silt used in the present
study are summarized in Table 3.1.
The maximum and minimum void ratio (emax and emin) of silty sand changes with the addition of
fines. Due to the importance of these two parameters in assessing the soil behavior, both were
determined for the range of silt content used in the present study (0 to 35% silt). The minimum
and maximum void ratio were determined following ASTM D4253 and ASTM4254. Although
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these methods were recommended for soils containing less than 15% fines, they were applied in
other studies for higher silt contents and presented repeatable and reliable results (Salgado et al.
2000, Polito and Martin 2001). In the present study, the soil was placed in a cylinder with a
diameter of 15 cm and height of 30 cm. Dry pluviation method through a funnel was applied to
obtain the emax. The funnel was kept very close to the surface of the soil at all levels to obtain a
loose specimen. The density of soil and its maximum void ratio are calculated knowing the mass
of soil and its volume. The cylinder filled with pluviated soil was placed on a vibrator with a
standard amplitude of 60 Hz and under 13.8kPa of stress to pack the soil to its highest density. The
average height of the densified soil was used to calculate the minimum void ratio. The emax and
emin tests were performed for silt contents between 0 to 35% and repeated two to three times.
3.2.2 Direct simple shear
The direct simple shear (DSS) testing method is used to observe the undrained monotonic shear
response of the untreated and MICP treated silty sand. The DSS avoids issues related to stress
concentrations in the direct shear tests. Through the test, principle stresses rotate while a
homogenous state of shear stress is applied.
Trautwein GeoTAC DSS device is used to perform the tests. The vertical and horizontal stresses
and displacements are collected through the consolidation and shearing stages of the test. In an
undrained DSS test, the specimen height is kept constant (i.e., maintaining a constant volume) and
changes in pore water pressure is measured indirectly through the change in normal stress. The
constant height and undrained test are equivalent, and studies show that the results are consistent
(Dyvik et al. 1987).
The specimens were consolidated under 50 kPa of vertical stress and then sheared with a rate of
50% strain per hour recommended by Dahl (2010). The tests were stopped after the specimen had
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reached a shear strain of 20%. In the DSS testing setup, the shear strain is the ratio of horizontal
displacement at top of the specimen to its preshear height.
3.2.3 Sample preparation method
The specimens were prepared by dry pluviation which was recommended for silty sand as it is
consistent and reliable, and it reduces segregation in the soil specimen (Wood et al. 2008). The
DSS specimens have a diameter of 66.8 mm and a height between 12 to 18 mm. The specimens
are prepared to have a target preshear void ratio of 0.7±0.05.
3.2.4 MICP treatment method
Sporosarcina pasteurii (American Type Culture Collection (ATCC 11859), Manassa, Virginia), a
common alkalophilic soil bacterium with high urease activity, is used in the laboratory study to
catalyze the biochemical reaction. S. pasteurii was grown aerobically in an ammonium-yeast
extract media (ATCC 1376: 20g/L of yeast extract and 10g/L of ammonium sulfate suspended in
a 0.13 M Tris buffer with pH of 9) at 30°C. The ingredients were autoclaved individually and
mixed after sterilization. The growth medium was inoculated with the S. pasteurii stock culture
and incubated aerobically at 30°C in an incubator at a speed of 200 rpm for 40 hrs to reach an
optical density (OD600) of 0.8 to 1.2. Cultures were centrifuged at 4000g for 20 min in 15 ml
volumes and replaced with fresh growth media. Harvested bacteria were stored in centrifuge vials
at 4°C for a maximum of 14 days. More details for preparing bacteria used in MICP treatments
can be found in Mortensen et al. (2011).
A two-phase injection was used for the treatment of soil specimens, as presented in Table 3.2. A
falling head injection procedure was used to treat the soil, where both the biological and
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cementation treatment solutions permeated through the soil from the bottom to the top of the
specimen. Through the first phase, two pore volumes (approximately 50 mL) of the biological
treatment solution (Table 3.2) were injected into the specimen to inoculate the soil with bacteria.
The biological treatment and bacteria were left for 3 to 6 hours allowing the bacteria to attach to
soil particles. As presented in Table 3.2, the biological treatment media did not contain calcium to
prevent cementation through the first phase. The second phase consisted of a series of cementation
media injections (Table 3.2). Two pore volumes of cementation treatment were injected every 12
hours until a target shear wave velocity (Vs) of 400-450 m/sec was reached. The target shear wave
velocity was chosen to represent moderately cemented soil consistent with National Earthquake
Hazards Reduction Program (NEHRP) site class C (NEHRP 2003). The number of injections was
different for specimens with different silt content, and varied from 20 to 30 injections. Once the
target shear wave velocity was reached, five pore volumes of water were flushed through the
specimen to stop the cementation process and remove excess salts and unreacted reagents.
The pH of the effluent was measured in each cementation treatment to monitor the bacterial
activity during treatment. Based on the recipe used in the current study (Table 3.2), a pH value of
9 and higher indicated that the bacteria have hydrolyzed the urea, and the pore fluid remained
alkaline. When the pH level dropped below 8, the bacterial activity had decreased. At this point, a
small amount of bacteria suspension (around 2ml per 50 mL of treatment media) was injected into
the specimen with the cementation treatments to enhance the bacterial activity (Martinez 2012).
The treatment was performed while the specimens were under 15 kPa of vertical stress. The set up
used for the treatment phase is presented in Figure 3.1.
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3.2.5 Shear wave velocity measurements
The cementation process was monitored in real time with non-destructive Vs measurements.
Bender elements were used to determine the Vs of soil specimens before and during treatment. The
bender element sensors were prepared with PVC waterproofing and grounding wires to operate in
the highly conductive environment (Montoya et al. 2012). The bender elements were mounted into
the DSS caps as presented in Figure 3.2. A 5-V, 100 Hz square wave was sent to the sending
bender element, and an oscilloscope was used to determine the travel time of the shear wave. When
a square wave is used as a source signal, the sending bender element operates at its resonant
frequency (Lee and Santamarina 2005). A square wave was used in the present study since the
natural frequency of soil changes through the MICP improvement (Montoya et al. 2012). The
travel time was determined using the first crossover of the received signal, as recommended by
Lee and Santamarina (2005).
In addition to the preshear conditions, the Vs after shearing was also measured. The distance
between bender element tips was calculated according to the initial vertical distance and the
horizontal displacement accumulated during shearing.
3.2.6 Scanning electron microscopy
After shearing, four representative samples (Nevada sand, 5% 15%, and 35% silt content) of MICP
treated specimens were collected and saved for microscopy imaging. Scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS) analyses were conducted using
Verios 460L equipment, an ultra-high resolution Schottkey emitter SEM. The Verios SL allows
for ultra-high resolution imaging at a low energy of insulating samples with no conductive coating.
The Verios SL is equipped with a wide array of low and high energy electron detectors including
a transmission detector and also an energy dispersive X-ray spectrometer. The distribution of
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calcium, which is a proxy of calcium carbonate, is detected through the sheared MICP treated
samples by using energy dispersive X-ray spectrometer.
3.2.7 Calcium carbonate content measurement method
The amount of calcium carbonate precipitated was evaluated after shearing the bio-cemented
specimens using a gravimetric acid washing technique. The MICP-treated sample was oven dried
and then washed with HCl. Approximately 10 g of cemented soil was soaked in 30 mL of 1M HCl
for 24 hours to dissolve the calcium carbonate. After the 24 hours, any silt particles present had
settled out of solution, which allowed the supernatant to be carefully removed with a syringe. The
acid wash process was repeated 5 to 6 times until no more gas bubbles were observed. The acid
wash process was evaluated with an untreated sample containing 35% fines to confirm there is an
insignificant loss of mass during the removal of the supernatant (e.g., up to 0.08%). Changes in
the oven-dried mass was assumed to be calcium carbonate, since there was an insignificant change
in mass through the untreated soil acid washing process. The percentage of calcium carbonate is
expressed as the mass of calcium carbonate divided by the mass of soil (not including calcium
carbonate) (Mortensen et al. 2011).
3.3 Results and Discussion
3.3.1 Void Ratio Variation
The behavior of silty sands is a function of several factors, including the global void ratio (e),
skeleton void ratio (es), interfine void ratio (ef), relative density (Dr) and level of fines content. The
emax and emin both change with an increase in fines content; therefore, if the void ratio is kept
constant, the relative density (Dr) changes. The effect of fines content on emax and emin of silty soil
is presented in Figure 3.3(a). If a small amount of fines is added to the soil, it will occupy the
available voids and a decrease in both emax and emin can be observed. As the fines content increases,
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the silt particles continue to fill up the voids between sand grains and eventually push the sand
particles apart, resulting in an increase of both emax and emin (Lade and Yamamuro 1997). Variation
of the extreme void ratios depends on the relative size and shape of the silt and sand. The variation
of emax and emin for the silt and sand in the present study is smaller compared to other studies
(Monkul and Yamamuro 2011, Lade and Yamamuro 1997) as their particle sizes are relatively
close. In addition, an increase in emin is not observed for the range of silt content tested (0 to 35%).
The sand skeleton void ratio (es) increases with the addition of fines because the fines occupy the
voids and push the sand particles apart. The change in es as a function of fines content and for a
target preshear void ratio of 0.7, is presented in Figure 3.3(b). For the silty sand specimens
evaluated in the present study, a fines content less than 8% results in es < (emax)sand. The maximum
void ratio of the silica flour, (emax)fines = 2, is obtained from literature (Hazirbaba and Ellen 2009).
The ef decreases with the addition of fines and obtains a value less than (emax)fines at 35% silt content
[Figure 3.3(b)].
The properties of untreated and MICP treated soil specimens tested in this study are presented in
Table 3.3. Throughout this discussion, each soil specimen will be referred to as a name, as
indicated in Table 3.3. The name consists of the fines content of the specimen, in percentage,
represented by a number following “F”. If the soil is treated with the MICP process, the fines
content number is followed by “T”. As an example, F20 refers to an untreated silty sand specimen
with 20% silt and F20T refers to an MICP treated specimen with 20% silt.
3.3.2 Undrained shear response of untreated silty sands
The addition of fines to clean sand changes its undrained shear response because the sand particles
are no longer the only solids participating in the force chain. The role of fines in the force chain
and consequent changes in the undrained shear response depends on the fabric governing the soil
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structure. The level of es and ef changes with the addition of fines, and when compared to the
(emax)sand and (emax)fines, the fabric governing the structure of the soil can be described as sand, silt
or both (Thevanayagam 1998, Thevanegham 2000, Thevanayagam et al. 2002, Rahman et al.
2008). The governing fabrics for the specimens tested in the current study are indicated in Table
3.4; the corresponding cases listed in Table 3.4 will be used throughout the remainder of the
manuscript.
The undrained shear behavior of silty sand is assessed observing changes in shear strength () and
excess pore water pressure (∆u) with an increase in shear strain (), as well as change in normalized
shear stress (/’vc) with normalized vertical stress (’/’vc) [Figure 3.4]. The ’vc refers to the
consolidation stress applied to the soil before shearing, which is 50 kPa in this study. Please note
that F5 demonstrated higher shear strength in comparison to the other untreated specimens;
therefore, for a better presentation of all results, the data for the F5 specimen is presented up to =
4.5% in Figure 3.4 except for Figure 3.4(c) where the full data set for F5 is presented.
In general, the silty sand specimens exhibited larger undrained shear strength compared to the
clean sand specimen (F0) which is especially true for F5 where strain hardening behavior was
observed. For silt contents at 10% and greater, the untreated silty sand demonstrated strain
softening, or flow, behavior [Figure 3.4(c)]. A higher degree of flow behavior is observed with the
addition of fines up to 20% silt; the flow behavior is reduced with an increase in fines above 20%.
The excess pore water pressure generated in all specimens, except for F5, is continuously positive
which indicates their contractive tendency [Figure 3.4(d)]. The response of the untreated silty
sands is further discussed below regarding the governing fabric conditions [Table 3.4]. The
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influence of the fines content on soil structure and resulting shear strength is illustrated in Figure
3.5 and discussed in the subsequent paragraphs.
Case 1: es ≤ (emax)sand
According to previous studies performed on the undrained behavior of silty sand, it has been
hypothesized that sand with a small amount of silt, at low confining pressure, and deposited with
low amount of energy obtains a metastable structure with some silt particles sitting in between
sand grains and the others filling the voids. (Yamamuro and Covert 2001, Wood et. al 2008). The
silts tend to reposition with applied shear stress resulting in an initial increase of excess pore water
pressure (i.e., contractive tendency). At higher strain levels, a more stable structure is obtained,
and the soil demonstrates a dilative tendency. In this study, at fines content below 8%, the skeleton
void ratio is still less than the emax of Nevada sand [Figure 3.5(b)]. In this condition, there is enough
void space for the silt to rearrange in the sand skeleton during shearing which allows contact
between sand particles; therefore, the sand skeleton governs the behavior of the soil. According to
Figure 3.5 (a), the (/’vc)max increases with the addition of fines from 0 to 5%. The F5 specimen
demonstrated an initial increase in ∆u, but with further shearing the ∆u decreases to negative
values. During shearing, the force chain is made up of sand particles that are supported by fines,
which induces dilative tendencies (e.g., decrease in excess pore pressure) [Figure 3.4(c) and
3.4(d)].
Case 2: es > (emax)sand and ef > (emax)fine
At a constant void ratio and fines content between 8% to 25%, the es of the silty soil increases to
values more than (emax)sand, while ef is still greater than (emax)fine. At this range of fines content, the
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behavior is governed by both silt and sand, as some sand particles are still in contact while others
are separated by the fines. Silt particles residing between sand grains are active in the force chain
while other silt particles fill the voids between the sand skeleton (Thevanayagam 1998, Yamamuro
and Covert 2001, Thevanayagam et al. 2002). In addition, ef > (emax)fine, indicating that fines do
not play an independent role in the force chain because they are poorly connected. The combined
effect of the silt and sand on the shear response decreases the shear strength for specimen F10
compared to F5 since the es has increased, but the ef has not decreased enough to provide additional
support from the fine particles. An increase in fines content up to 20% results in increase of
undrained shear strength. The silt provides a higher contact area between sand grains while ef
decreases. The distance between sand grains increases with the addition of fines, which promotes
a poor load transfer through the force chain. The combination of these effects results in a maximum
undrained shear strength of F20 in the range of 10 to 25% silt content while its relative density is
the lowest at this range of fines content.
The changes in ∆u at this range of es and ef (fines content of 8 to 25%) can be explained with the
compressibility of the fines in the silty sand specimens. The excess pore water pressure of the F10
specimen is the highest among all untreated specimens, but ∆u reduces with the addition of fines
content higher than 10%. In the F10 specimen, the density of the silt matrix is low with a high
contractive tendency [Figure 3.4(d)]. The fines matrix with silt content above 10% obtains a lower
ef value resulting in less contractive tendency of the soil.
The flow behavior of silty sand specimens is a function of the range of interfine and intergranular
void ratios (i.e., ef and es) and the relative density of the soil. At a fines content between 8 to 20%,
both ef and es are relatively high. The silt particles between sand grains can be displaced while
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shearing the specimen at low confining pressure (50 kPa). Therefore, the force chain is disrupted
which results in flow behavior (strain softening). The global relative density decreases with the
addition of silt up to 20%; consequently, the soil particles become less in contact. In addition, the
sand particles move farther apart with increase in silt content and their participation in the force
chain becomes dependent on the silt. The F20 specimen shows the highest degree of flow behavior
where the sand is still participating in the force chain with the aid of fines, but the distance between
sand grains has increased and the global relative density is the lowest. Therefore, distribution of
the force chain through shearing results in a higher degree of flow behavior.
The effect of sand particles on the force chain starts to diminish at silt contents above 20%. The
F25 specimen shows a lower undrained shear strength compared to F20. The effect of sand
particles has reduced compared to the F20 specimen due to increased distance between the sand
particles. The flow behavior of F25 is less than F20 as both the fines matrix and global density
increased.
Case3: ef ≤ (emax)fine
At fines content above 25%, the shear strength of silty sands decreases. In this case, the silt governs
the shear response and the effect of sand grains in the force chain diminishes to a reinforcement
role. The F35 specimen obtains an ef less than (emax)fine=2 which results in a stable structure of the
fines in comparison to specimens with lower silt contents. The flow behavior of the soil decreases
as the fines govern the soil response and their repositioning has less effect on the force chain.
3.3.3 Undrained shear response of MICP treated silty sand
Changes in properties of MICP treated specimens were assessed by measuring the shear wave
velocity, calcium carbonate content, and undrained shear strength. The untreated void ratio of the

73

specimen before shearing is calculated assuming that only silt and sand are present as solids
(Table 3.3). The MICP treated void ratio is calculated accounting for the increase in solids from
calcium carbonate precipitation and assuming a specific gravity (Gs) of 2.71 for calcium carbonate
(DeJong et al. 2017). Shear wave velocity of the soil specimen before and after treatment is
presented in Table 3.3. The shear wave velocity of all specimens is measured at the end of shearing
and presented as the residual shear wave velocity.
Improvement in the shear response of MICP treated specimens is assessed through changes in
shear stress and excess pore water pressure [Figure 3.6]. Compared to the untreated specimens at
the same silt content, all MICP treated specimens exhibited an increase in shear strength and
dilative tendencies. Please note that F5T has a higher shear strength compared to other MICPtreated specimens; therefore, for a better presentation of all results, the data for F5T is presented
up to = 6% in Figure 3.6 except for Figure 3.6(c) where all data for the F5T specimen are
presented.
Changes in the maximum normalized shear stress (/’vc)max for both MICP treated and untreated
specimens with varying fines content is presented in Figure 3.7 and Table 3.5. The DSS results
obtained from MICP treated specimens show improvement in the shear response for all specimens,
but the extent of improvement is different for varying fine contents. The extent of improvement in
(/’vc)max from MICP as a function of fines content is discussed in the subsequent subsections.

Previous studies performed on MICP treated sands indicate that change in shear response is a
function of calcium carbonate precipitation at particle contacts which results in a more effective
transfer of load, increase in surface friction, and increase in density (Wiffin et al 2007, Dejong et
al. 2006, Dejong et al. 2013). In the following subsections, change in the shear response of MICP
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treated silty sands and the parameters affecting it are discussed relating to the governing fabric
[Table 3.4].
Case 1: es ≤ (emax)sand
MICP treatment results in cementation at particle contact points and the surface of the soil
particles. When es ≤ (emax)sand, the sand particles are mostly in contact with some silt particles
between them and the rest filling the voids. The SEM images taken from F0T after shearing shows
the distribution of precipitated minerals at contact points and on the surface of sand grains. [Figure
3.8]. The shear response of the F0T specimen changed from contractive to a contractive-dilative
behavior compared to F0. Mineral precipitation at contact points and an increase in surface friction
results in a better transfer of load between soil grains achieving a higher shear strength. Addition
of solids to the soil mass through mineral precipitation reduces its pore volume and decreases the
contractive tendency. The combination of these effects results in lower excess pore water pressure
(i.e., increased resistance to rearrangement of sand particles) and higher shear strength compared
to its untreated state.
The normalized stress results for F0T and F5T show similar paths up to (/’vc) = 0.38 but their
stress path deviates with increase in strain [Figure 3.9]. At higher strain levels, the F5T specimen
demonstrates increase in shear strength followed by an increase in effective stress while F0T shows
a general decrease in effective stress. The F0T shows dilative behavior at higher strain values
compared to F5T [Figure 3.6(c)]. The F5T specimen has an es < emax; therefore, the sand grains are
mostly in contact and cementation can take place at their contact points. An SEM image with EDS
analysis taken from the sheared F5T shows the distribution of calcium and that sand particles were
cemented with calcium carbonate crystals as observed through the highlighted green areas [Figure
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3.10]. The silt particles are cemented together and to the sand particles. The cemented sand
skeleton transfers load at small strain levels, which is similar for both F0T and F5T. In F0T,
reduction in the effective stress is continued with further shearing (up to 6% shear strain as
presented in Figure 3.6(c)) as there is more void space for particle rearrangement. In F5T, the
cemented silts occupy the space in between cemented sand grains and support the sand skeleton
while they tend to reposition in the soil; therefore, a dilative tendency and corresponding negative
excess pore water pressure is observed at lower strain levels (γ > 3%). In addition to achieving
higher shear strength, the F5T specimen demonstrated a negative ∆u value at lower strains
compared to F5.
Case 2: es > (emax)sand and ef > (emax)fine
The sand grains generally lose contact with each other as the silt content increases (e.g., between
8 to 25% in the current study), so that es > (emax)sand while ef > (emax)fine. This results in both sand
and silt contributing to the shear response and being active in the force chain. SEM images taken
from the sheared F15T specimen are presented in Figure 3.11. It can be observed that concentration
of calcium (presented through highlighted green areas) is higher between silt particles, but there is
also evidence of calcium carbonate precipitating on surface of the sand (bonding the silt and sand).
According to Figure 3.11, the cemented silt particles form silt aggregates which can either deattach from the sand grains and behave as an individual grain or remain intact with the sand
increasing the sand grain’s volume. In both cases, they have the role of reducing particle
rearrangement and reduction in excess pore water pressure. Precipitation of calcium carbonate
results in an increase of the silt’s friction and an increase in soil density, both of which improve
the shear response of the soil. Most importantly, the cemented silt particles have a higher capacity
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for transferring load between the sand grains without being displaced which improves the shear
response and reduces the flow behavior.
Specimens with low silt content within Case 2 (e.g., F10T) represents soil with a es value slightly
higher than (emax)sand, indicating a loss of contact between some sand grains in the force chain. At
the same time, the ef is high; therefore, a highly compressible silt matrix exists between sand
grains. The F10T specimen shows a much more contractive behavior compared to the other treated
specimens while its undrained shear strength has improved compared to F10 [Fig 3.6(c)]. The silt
aggregates formed as a result of bio-cementation can have lower shear strength and also smaller
size as less silt with a high ef is present in the F10T specimen. After shearing, these silt aggregates
can rearrange in the soil matrix with applied shear stress, which results in a reduction of effective
stress and contractive tendency.
As the silt content increases within Case 2 (e.g., F15T and F20T), the particles (sand grains, silt
aggregates, or sand with cemented silt) tend to reposition and obtain a stable structure with a more
effective force chain. The resulting structure allows the particles to remain in contact, resulting in
less reduction in effective stress, increased shear strength, and lower levels of ∆u. The ∆u for both
F15T and F20T presents a similar trend where it decreases following an initial increase with
applied shear stress [Fig 3.6(d)]. For the F15T specimen, the global relative density is higher which
results in a higher number of contact points. As the bacteria tend to reside at contact points, higher
relative density results in higher number of cementation bonds. In addition, in the F15T specimen,
the relative distance between sand grains is less (compared to F20T) while enough silt is present
(compared to F10T) which results in a better load transfer and improved undrained shear strength.
In the F20T specimen, the cemented silt particles have degraded at = 8.35%, promoting particle
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rearrangement which results in increase of Δu and reduction in shear strength [Figure 3.6(c) and
Figure 3.6(d)]. Finally, the flow behavior of F15T and F20T diminished compared to the untreated
specimens due to a general transition to strain hardening behavior in the MICP-treated specimens.
Specimens with high silt content within Case 2 (e.g., F25T) represents soil with a high es value
while ef > (emax)fines, indicating the sand grains are barely active in the force chain. This is
demonstrated in the untreated specimens by a lower (/’vc)max for the F25 specimen compared to
F20. In the F25T specimen, the sand grains are too far apart to transfer load even with the aid of
silt. While ef > (emax)fine and the fines are also not well connected to form an integrated silt
aggregate. The changes in ∆u are similar to F20T showing cementation degradation at = 9.8%.
The shear strength of F25T is less than F20T which can be a result of farther distance of sand
particles and their reduced contribution to load transfer.
Case3: ef ≤ (emax)fine
Since ef < (emax)fine, the silt particles are efficiently in contact with higher number of contact points,
and after cementation, a more integrated silt matrix is formed. The F35T specimen exhibits a
dilative behavior with strain hardening resulting from the higher shear strength of the silt
aggregates. The silt aggregates behave as large particles which tend to reposition with applied
shear stress while the voids available are lower in size which results in a dilative tendency (i.e.
decrease in excess pore water pressure presented in Figure 3.6(d)). The increased effective stress
through shearing results in an increase in shear strength [Figure 3.6(b)].
3.3.4 Effectiveness of MICP on undrained shear response of silty sands
The extent of improvement in shear strength as a result of MICP treatment is a function of the
number of particle contacts, their contact area, change in relative density and the fabric governing
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the silty sand’s behavior. The number of particle contacts highly influences the effectiveness of
MICP since there is a general preference for precipitation at contact points. The number of contact
points increases with increase in relative density (Dr) and silt content. In addition, the relative
position of silt and sand plays a role on the effectiveness of MICP which governs the location of
calcium carbonate precipitation.
The effect of MICP decreases with increase in silt content up to 20%, and it again increases with
further increase in fines up to 35% [Figure 3.12(b) and Table 3.5]. This trend corresponds to the
reduction of Dr up to 20% silt content and its increase where fine content reaches 35% [Figure
3.12(a)]. The effectiveness of MICP is minimum at 20% silt content where Dr is the lowest, and
both es and ef preserve high values. The ef of silt matrix decreases with addition of fines up to 35%,
resulting in a larger number of the contact points in the silt matrix (ef < (emax)fine).
The calcium carbonate content was measured using gravimetric acid washing for all the treated
specimens [Table 3.3]. The treated soil specimens corresponding to Case 1 (F0T and F5T) and
Case 3 (F35T) obtained higher values of calcium carbonate. The soil specimens pertaining to Case
2 have lower levels of calcium carbonate. The calcium carbonate content is a function of relative
density as more calcium carbonate has precipitated in the soil specimen with higher relative
densities (Case 1 and Case 3) [Table. 3.3 and 3.4]. Therefore, the change in density of the soil is
different for the range of fines content tested, and it changes the effectiveness of MICP
proportionally. Increase in density as a result of cementation is a factor that influences both the
strength and stiffness of all cemented soils in comparison to their untreated state and is valid for
all silt contents evaluated herein.

79

3.4 Conclusion
The monotonic shear response of untreated silty sands specimens show liquefiable behavior;
therefore, the MICP method was applied to observe changes in the undrained shear response for
varying fine contents.
The addition of fines to sand changes its inherent properties such as emax, emin, relative density,
skeleton void ratio (es), and fine matrix void ratio (ef). The soil structure can be governed by sand,
silt, or both depending on the levels of fine contents, global void ratio, and the relative position of
silt and sand. In the present study, the relative density of silty sand decreases with the addition of
fines up to 20% silt content and then increases with further increase in silt content. Increase in
fines content results in reduction of ef and increase in es. In the present study, at silt contents less
than 8%, the es ≤ (emax)sand and the sand skeleton governs the behavior of the soil. The silt fills the
voids between sand grains forming a more stable structure through shearing which increases the
undrained shear strength. In the case of es > (emax)sand and ef > (emax)fine, the silt and sand both
participate in the force chain where silts act as a cushion between sand particles to transfer load.
The role of sand particles starts to diminish with increase in silt content and the silt governs the
behavior when ef ≤ (emax)fine.
The monotonic shear response of bio-cemented specimens shows that MICP is an effective method
for improving the undrained shear response of silty sand and reducing the excess pore water
pressure generated during undrained shear. The effect of MICP on silty sands is attributed to the
fabric governing its behavior. At low fine contents (es ≤ ( emax)sand), the bio-cemented silt supports
the force chain which improves the shear strength. With increase in silt content
(es > (emax)sand and ef > (emax)fine), the cemented silt becomes more active in the force chain where
sand particles have lost contact and transfer load through cemented silt. The cemented silt has
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more strength to resist rearrangement through shearing. In addition, the cemented silt obtains a
higher stiffness, which promotes an improved transfer of load through the sand grains. With further
increase in fines content where ef ≤ (emax)fine, the silt becomes a stable matrix and can independently
participate in the force chain. In this case, the bio-cemented silt governs the shear response. The
calcium carbonate precipitation, which occurs at silt contact points, increases the friction and
dilative tendencies.
The effect of MICP on silty sands is also a function of the relative density. The results show that
a decrease in relative density results in a less improvement in shear strength.
According to SEM images and EDS analysis, cementation in silty sands results in formation of silt
aggregates. These aggregates can either attach to the sand which increases its volume or become
separate and have the role of a single particle. In both cases, the silt aggregates can promote less
rearrangement of soil particles which results in reduction of the excess pore water pressure.
Parameters such as the relative distance of sand particles, volume of silt aggregates, integrity of
silt aggregates, and relative density of the silty sand affect its bio-cemented shear response, which
enhances the differences in behavior of bio-cemented silty sand with varying fines content. These
parameters need to be studied in detail. The shear response of MICP treated silty sand depends on
the silt and sands characteristics (e.g., relative size and shape), and a similar behavior may not be
observed for all combination of silt and sand. Therefore, more investigation on the effect of MICP
on silty sand is necessary.
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Table 3.1 Sand and silt characteristics
Name

Nevada Sand

Silica Flour

USCS
Classification

Uniformly graded

Ground silica

D50

0.15 mm

0.010 mm

D15

0.105 mm

0.0016 mm

D85

0.18 mm

0.029 mm

Cu

1.7

n/a

Cc

1.24

n/a

Gs

2.65

2.65

Mineralogy

Quartz

Quartz

Shape

Angular*

Sub-angular

*Shape of sand based on evaluation by Mikola and Sitar (2013)

Table 3.2 Chemical recipe for cementation media
Phase 1

Phase 2

Biological treatment
concentration

Cementation treatment
concentration

Urea

333 mM

333 mM

NH4CL

374 mM

374 mM

CaCl2

---

50 mM

S. pastuerii

~107 cells/mL

---

Recipe
Component
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Table 3.3 Characteristics of untreated and MICP treated specimens

MICP treated

Untreated

Soil
status

Name*

Fine
content
(%)

Pre-shear
untreated
void ratio

Pre-shear
treated
void ratio

Initial Vs
at 15kPa
(m/sec)

Preshear Vs
at 50 kPa
(m/sec)

Residual Vs
at


Calcium
Carbonate
content
(%)

F0

0

0.70

133

164

F5

5

0.70

105

128

F10

10

0.69

95

108

F15

15

0.70

91

101

F20

20

0.69

111

123

F25

25

0.71

84

90

F35

35

0.65

78

108

F0T

0

0.71

0.65

154

462

198

3.37

F5T

5

0.69

0.64

127

464

165

2.78

F10T

10

0.72

0.67

101

408

295

2.35

F15T

15

0.68

0.65

124

414

176

2.41

F20T

20

0.69

0.65

136

437

165

2.45

F25T

25

0.65

0.60

89

429

270

2.03

F35T

35

0.64

0.57

67

465

251

3.81

* “F” refers to “Fines”, “T” refers to “Treated” and the number refers to fine content
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Table 3.4 Categorizing silty sand specimens according to the governing soil fabric
Case
No

Fabric
governing

Specimen Name
Range of es and ef

Silt content*
Untreated

MICP Treated

1

Sand

es ≤ (emax)sand

FC ≤ 8

F0, F5

F0T, F5T

2

Sand
and
Silt

es > (emax)sand
and
ef > (emax)fine

8 < FC < 35

F10, F15, F20, F25

F10T, F15T, F20T, F25T

3

Silt

ef ≤ (emax)fine

35 ≤ FC

F35

F35T

*Calculated for a global void ratio of 0.7, however the global void ratio for the 35% silt content is 0.65 which results in an e=1.86

Table 3.5 Effect of MICP on the maximum normalized shear strength of silty sands.
Maximum normalized shear stress

(τ/σ’vc)max

Silt content
(%)

Change in maximum
normalized shear stress

(τ/σ’vc)max

Untreated

MICP treated

0

0.148

0.423

0.275

5

0.288

0.498

0.210

10

0.169

0.343

0.174

15

0.237

0.374

0.137

20

0.272

0.372

0.100

25

0.211

0.333

0.122

35

0.188

0.447

0.259

91

Figure 3.1 DSS sample placed in a frame under 15kPa of pressure undergoing MICP treatment.

Figure 3.2 Bender element placed in the DSS cap.
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Figure 3.3 (a) Change in the maximum and minimum void ratio (emax and emin), (the standard
deviation for each data point is presented with error bars) (b) Change in the skeleton void ratio (es)
and fine matrix void ratio (ef) with the addition of fines.
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Figure 3.4 Summary of undrained shear response of untreated silty sand (a) Change of normalized
shear stress with normalized vertical stress, (b) Change in normalized shear stress with shear
strains, (c) Change in shear stress with shear strain (d) change in excess pore water pressure with
shear strain.
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Figure 3.5 (a) Change in maximum normalized shear strength of untreated silty sand samples with
an increase in fine contents, (b) Change in relative difference between es and emax sand with
increase in fine content.
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Figure 3.6 Summary of undrained shear response of MICP treated silty sand (a) Change of
normalized shear stress with normalized vertical stress, (b) Change in normalized shear stress with
shear strains, (c) Change in shear stress with shear strain (d) change in excess pore water pressure
with shear strain.
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Figure 3.7 Maximum normalized shear strength of treated and untreated samples with addition of
fines. The pre-shear void ratio of each soil specimen is presented next to each data point.

Figure 3.8 SEM image taken from MICP treated Nevada sand, (a) Mineral precipitated on the
surface and at contact points, (b) Shear surface of two sand grains at their contact point.
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Figure 3.9 Undrained shear response of MICP treated Nevada sand and 5% silt specimens.

Figure 3.10 (a) The SEM taken from MICP treated 5% silt content specimen, (b) EDS analysis
showing the distribution of calcium (Ca+2) in the cemented 5% silt content sample (The highlighted
green area shows the distribution of calcium).
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Figure 3.11 (a) SEM image and (b) EDS analysis determining the location of calcium (Ca+2)
in the cemented 15% silt specimen (The highlighted green area shows the distribution of calcium).

Figure 3.12 (a) Change in relative density (Dr) with an increase in fine contents (based on a void
ratio of 0.7), (b) Increase in maximum normalized shear strength with increase in fine content.
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ABSTRACT
Loose saturated silty sands are highly prone to liquefaction but improving their soil properties is
challenging due to their lower permeability compared to sands. Microbial induced calcium
carbonate precipitation (MICP) is a new, natural and sustainable soil improvement method, which
can increase the shear strength and stiffness of soils. In this study, MICP treatment is applied to
silty sands with fines content in the range of 0 to 35% and a constant preshear void ratio 0.7±0.05
to observe improvement in their liquefiable resistance. The specimens are treated until reaching a
shear wave velocity about 400 m/sec. Cyclic direct simple shear testing is used to evaluate changes
in the liquefiable resistance of untreated and MICP treated silty sands. The results show that by
applying MICP the liquefiable resistance increases significantly for all silt contents, and the
treatment efficiency depends on the level of fines content, which dictates the relative density, and
the fabric governing the structure. As examples, the 35% silt content specimen has shown the
highest improvement, which is related to a higher the relative density at this level of fine content.
The silty sand specimens with 5% silt content has a metastable structure which makes the soil
more sensitive to cyclic loading. Although the cyclic resistance has increased with applying MICP
at this level of fines content, its sensitivity to cyclic loading has remained unchanged. MICP
method improves the cyclic strength of silty sand and can provide an alternative soil improvement
method for this type of soil
Keyword: Undrained cyclic response, MICP, silty sand, fines content, Sporosarcina
pasteurii
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4.1 Introduction
Hazardous consequences of earthquakes are well known and attention is required to minimize their
effects on society. Earthquake-induced soil liquefaction is a major concern among these
consequences. Liquefaction happens in loose saturated cohesionless soils under seismic loading
and results in a reduction of shear strength and increased deformation. The liquefiable behavior of
sand is studied by many researchers (Lee and Seed 1967, Seed 1968, Seed and Idriss 1971, among
many others). Recent earthquakes such as Christchurch 2010 and 2011 have shown that silty sands
are highly susceptible to liquefaction (Green et al. 2012). Laboratory studies have also shown that
the liquefiable potential of silty sands can be higher than clean sands (Yasuda et al. 1994;
Wijewickreme et al. 2005; Bray and Sancio 2006).
Reducing the economic loss and damage induced by liquefaction and improving the safety of
infrastructure can be achieved by implementing soil improvement methods on soils with high
liquefaction potential (Rogers et al. 2015). Conventional methods used to improve liquefiable soil
(e. g. jet grouting, deep compaction, and other similar processes methods) can be restricted for
applying to silty sands through either application or performance (Thevayanagam and Martin
2002, Mitchel 2008). Therefore, a new method, which is compatible with the low permeability of
silty sands, is required to improve its shear response. Microbial induced calcite precipitation
(MICP) is a natural and sustainable soil improvement method, which changes the soil properties
through cementation resulting in a higher shear strength, stiffness and dilative tendency (Wiffin et
al. 2007, Feng and Montoya 2015, Lin et al. 2016). The strength and stiffness of the soil changes
as calcium carbonate cements the particles and the density of the soil increases (Dejong et al. 2006,
Dejong et al. 2010, Montoya and Dejong 2015). The liquefaction resistance of sand increases after
application of MICP where a higher number of cycles were required to reach liquefaction (Burbank
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et al. 2011, Burbank et al 2012, and Han et al. 2016). The level of improvement in cyclic resistance
depends on the calcium carbonate content, grain size, grain shape, initial density etc. (Burbank et
al. 2012, Ismail et al. 2002) The cementation improves the resistance to surface subsidence of
foundations and reduction in effective stress, through seismic loading (Montoya et al. 2013).
Increase in shear strength and reduction in deformation of residual soil have been observed as a
result of biocementation (Soon et al. 2013, Soon et al. 2014, Lee et al. 2013).
Less attention has been paid to the effect of MICP on the liquefiable behavior of silty sand. In a
study performed by Sasaki and Kuwano (2016), triaxial silty sand specimens with varying fine
content were prepared with similar relative densities and treated with MICP method. Their results
showed that presence of fines hinders the effect of MICP on the cyclic response. Further
investigation is required to evaluate the variables affecting the cyclic response of MICP treated
silty sands with a systematic approach in change of fines content and level of cementation.
The cyclic response of silty sands is dependent on factors such as the fines content, relative density,
confining pressure, fabric governing the soil behavior, and the intergranular and interfine void
ratios (Polito and Martin 2001, Dash and Sitharam 2009, Belkhatir et al. 2010, Arab et al. 2014).
The focus of this study is to investigate the effect of MICP on the cyclic response of silty sands
and investigating the effect of variables such as fines content, relative density, structure and fabric
of the soil.
Cyclic direct simple shear (DSSc) tests are performed on both untreated and MICP treated silty
sands with varying fines content (0 to 35%) to assess the level of improvement in resistance to
cyclic loading. Silty sand specimens are prepared with a pre-shear void ratio 0.7±0.05. A study
performed by Feng and Montoya (2017) shows that shear wave velocity (Vs) can help elucidate
the liquefaction resistance of MICP treated sands; therefore, shear wave velocity measurements
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were used to detect the level of improvement in the treated specimens. The treatment was
continued until reaching Vs about 400 m/sec. The DSSc tests were performed on both untreated,
and MICP treated specimens after consolidating them under 50 kPa effective vertical stress. The
specimens underwent stress-controlled cycles with constant cyclic stress ratio (CSR). The
specimens were tested with different CSR values to reach single amplitude, 3% shear strain, which
is recommended by Ishihara (1993) for cyclic simple shear tests to define the occurrence of
liquefaction. In a cyclic direct simple shear test, CSR is the ratio of shear stress, τ, to the effective
𝜏

consolidation stress, vc’, (e.g. 𝐶𝑆𝑅 = 𝜎′ ). Throughout this manuscript, the number of cycles
𝑣𝑐

required to reach 3% shear strain, γ, is referred to as “N” and the ratio of excess pore water
pressure, ∆u, to the effective consolidation stress is stated as “ru.” The effect of MICP on the cyclic
strength is assessed through rate of strain accumulation and increase in ∆u. The response of MICP
treated specimens is compared to undisturbed frozen specimens and naturally cemented minetailing material to recognize the relevance of MICP and other natural processes through the soil’s
cyclic improvement.
4.2 Materials and Methods
4.2.1 Soil properties
The soils used in this study include Nevada sand, a fine grain silica sand, and non-plastic silt, SilCo-Sil 52. The soil properties of both the sand and silt are presented in Table 4.1. The grain size
distribution of sand and silt were obtained separately by sieve and hydrometer testing. According
to the gradation of both, the silt and sand are compatible concerning drainage and filtration criteria
(Holtz et al. 2011). The maximum and minimum void ratio (emax and emin, respectively) of silty
sands change with an increase in fines content. The emax and emin were determined according to
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ASTM D4253 and ASTM D4254. A cylinder with a diameter of 15 cm and height of 30 cm was
used, and the soil is pluviated with the aid of a funnel to obtain emax. The cylinder was placed on a
vibrator with a standard amplitude 60 Hz under 13.8kPa of vertical stress to pack the soil into a
high density to measure emin. The test was repeated for 2 to 3 times for each fines content. Although
the ASTM standards recommend using this method up to 15% silt content, other studies show
repeatability in the emax and emin for higher silt contents (Salgado et al. 2000, Polito and Martin
2001).
4.2.2 Sample preparation method
The specimens were prepared using dry pluviation. This method is recommended to observe the
liquefiable behavior of silty sands as it presents a more reliable and repeatable result with less
segregation within the soil specimen (Wood et al. 2008). According to the ASTM D6528, the
height of the soil specimens is required to be between 12 to 18 mm. The diameter of the specimens
is 66.8 mm. The specimens were prepared to have a void ratio of 0.7±0.05 after consolidation (or
prior to cyclic shearing).
4.2.3 MICP treatment method
Sporosarcina pasteurii (American Type Culture Collection (ATCC 11859), Manassa, Virginia), a
soil bacterium with high urease activity, is used in the laboratory study to catalyze the biochemical
reaction. An ammonium-yeast extract growth media (ATCC 1376: 20g/L of yeast extract and
10g/L of ammonium sulfate suspended in a 0.13 M Tris buffer with pH of 9) was prepared by
autoclaving the ingredients separately. S. pasteurii was inoculated into the growth media after
mixing the autoclaved ingredients, and incubated at 30°C at a speed 200 rpm and for 40 hours.
The optical density (OD) was measured and after reaching 0.8 to 1, the culture was centrifuged in
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15ml vials at a rate of 4000g for 20 minutes and replaced with fresh growth media. Harvested
bacteria were stored in centrifuge vials at 4°C for a maximum of 14 days. More details for bacteria
preparation is presented in Mortensen et al. (2011).
A two-phase injection scheme, consisting of one biological and multiple cementation phases, was
used for the cementation process [Table 4.2]. An overburden pressure of 15 kPa was applied to the
specimens to prevent the soil particles from washing out during the treatment injections. Prior to
initiation of the treatment phases, two pore volumes of water were passed through the soil
specimens prior to treatment. Through the first phase, two pore volumes (approximately 50 ml) of
biological solution was inoculated from bottom to top and retained in the soil specimen for 3 to 6
hours to allow for bacteria attachment to the soil particles. Through the second phase, cementation
media injections were performed every 12 hours to achieve a target Vs of 400-450 m/sec. The
number of injections required was generally between 20 to 30.
The pH of the effluent was measured after each cementation injection to monitor the bacterial
activity. Based on the recipe used [Table 4.2], a pH above 9 demonstrates consumption of urea
and alkaline pore fluid. A decrease in bacterial activity was assumed if the pH dropped below 8.
In this case, a small amount of suspended bacteria (2ml) was added to the treatment solution (50
ml) before injection to help resume the bacterial activity (Martinez 2012).
4.2.4 Shear wave velocity measurements
Shear wave velocity (Vs) measurements were performed to track the cementation progress in real
time. Bender elements were applied and assembled in the caps to perform the Vs measurements
through the treatment process. The bender elements were prepared to operate in the highly
conductive environment (Montoya et al. 2012). A 5-V, 100 Hz square wave was sent through a
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transducer to the sending bender element, and an oscilloscope was used to determine the travel
time of the shear wave. When a square wave is used, the sending bender element operates at its
resonant frequency (Lee and Santamarina 2005). Using square waves as the voltage source is
recommended for evaluating soil improvement from MICP since the natural frequency of soil is
changing throughout the treatment (Montoya et al. 2012). The travel time was determined by using
the first crossover of the received signal, recommended by Lee and Santamarina (2005). The Vs is
calculated using the distance between bender elements and travel time of the shear wave.
4.2.5 Cyclic direct simple shear testing method
The DSSc testing method was used to evaluate the cyclic response of both untreated and MICP
treated silty sands. In this study, a Geotac Digishear apparatus was used to perform the constant
volume cyclic tests. In this DSSc setup, the effective stress is monitored through a change in
vertical stress while the global volume change is zero. After preparing the specimen (either in
untreated state or after MICP treatment), it is consolidated under 50 kPa vertical stress, and an
LVDT sensor records the change in height. By end of the consolidation stage, specimens undergo
stress-controlled cycles with a shearing rate of 50% strain per hour (Dahl 2009). The tests were
continued until a single amplitude shear strain of 3% was reached, which indicates the initiation
of liquefaction (Ishihara 1993).
The testing apparatus evaluates the excess pore pressure indirectly through changes in effective
vertical stress (∆u= ∆v’) while the volume is kept constant and full drainage is provided for the
specimen. Results obtained from previous studies show that the results from this method are
similar to the direct measurement of excess pore water pressure (Dyvik et al. 1987). The change
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in effective vertical stress, v’, shear stress,  excess pore water pressure, ∆u, and shear strain, ,
were measured through the equipped load cells and displacement transducers.
4.2.6 Calcium carbonate content measurement method
The amount of calcium carbonate precipitated in the soil was measured through a gravimetric acid
washing technique. After measuring the oven-dried mass of soil, it is washed with 1M HCl for
multiple times and rinsed with water at the end. A syringe was used to remove the supernatant
every 24 hours, after the solids had settled, to prevent the silt particles from washing out. The
percentage of calcium carbonate is expressed as the difference in oven dried weight before and
after acid washing, divided by the dry mass of soil (not including calcium carbonate) (Mortensen
et al. 2011). To ensure that calcium carbonate was the only substance that was removed through
acid washing and minimal silt was lost, the process was performed on an untreated 35% silt content
specimen. An insignificant loss of mass (e.g., up to 0.08%) was observed from the untreated
specimen.
4.3 Results and discussion
The effect of MICP on the liquefiable behavior of silty sand was evaluated through cyclic direct
simple shear (DSSc) tests on the sand with varying silt contents. The preshear void ratio, cyclic
stress ratio (CSR), excess pore water pressure at 3% strain (Δu) and the number of cycles (N)
required to reach single amplitude shear strain of 3% for the untreated specimens are presented in
Table 4.4. In addition to the parameters presented for untreated specimens, the initial shear wave
velocity, shear wave velocity after treatment, post-treatment void ratio and calcium carbonate
content are presented for the MICP treated specimens in Table 4.5. The MICP treated void ratio is
calculated counting for the increase in solids with calcium carbonate precipitation and assuming a
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specific gravity (Gs) of 2.7 for calcium carbonate (DeJong et al 2017). Throughout this discussion,
each soil specimen will be referred to as a name, which consists of the fines content, in percentage,
represented by a number following “F”. If the soil is treated with the MICP process, “T” follows
the fines content number [Table 4.4 and 4.5]. As an example, F5T refers to MICP treated
specimens with 5% silt content and F5 refers to untreated silty sand specimens with 5% silt content.
In a study performed by Zamani and Montoya (2017), monotonic direct simple shear tests were
performed to understand the different parameters affecting the shear response of silty sand before
and after MICP treatment. The results show that the shear response is dependent on the level of
fines content, void ratio, relative density and the fabric governing the soil structure. At a constant
void ratio, two limiting fine contents exist, which help indicate the fabric governing the silty sand’s
structure and shear response. The lower limits represents the transition from sand governing to
sand-silt governing fabric and the higher limit represents the transition between the sand-silt
governing to a silt governing fabric. These limiting fine contents were established using the
skeleton void ratio (es), the interfine void ratio (ef), the maximum void ratio of sand (emax)sand and
the maximum void ratio of fines (emax)fines. The results show that for the silt, sand and global void
ratio of the specimens (i. e. e = 0.7), the lower and higher limiting fine content are 8% and 25%
respectively. In Table 4.3, the properties of silty sands with varying levels of fines content and the
fabric governing the behavior is presented.
4.3.1 Liquefaction resistance of the untreated silty sand
Changes in the fines content at a similar global void ratio results in a variation of relative density,
and a change in the fabric governing the shear response of the silty sands. Therefore, the cyclic
response of the silty sands changes with increase in silt contents. The liquefaction resistance curves
(CSR-N) are plotted with the data points obtained from each silt content (Table 4.4) and presented
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in Figure 4.1. The shear response of the monotonic undrained testing is represented as a quarter of
a cycle (i.e., N=0.25). As an example, for the F5 specimen, the number of cycles required to reach
3% shear strain at CSR = 0.15 is 13. At the same CSR value, F10 reaches 3% shear strain at 6
cycles, and F20 reaches the same strain at 4.5 cycles. The change in cyclic response with an
increase in fine content is discussed according to the steepness of the liquefaction resistance
curves. A steeper curve demonstrates the sensitivity of the soil specimen to cyclic loading where
a decrease in CSR leads to a small increase in N. The functions derived for each curves is presented
in Table 4.6. The b value presented for each function demonstrates the steepness of each curve.
The F5 and F20 showed resistance to cyclic loading at higher CSR values followed by the F15 and
F25, but these soil specimens are more sensitive to cyclic loading, as N does not increase
proportionally with a lowered CSR value and the CSR-N function presents higher b values
compared to the other soil specimens [Figure 4.1 and Table 4.6]. The F20 required N = 1.5 at
CSR = 0.23, N = 4 at CSR = 0.2 and N = 4.5 at CSR = 0.15 to reach 3% shear strain. It can be
observed that the change in N is less compared to the change in CSR. Similar trends are observed
for F5, F15, and F25 but the F25 shows the highest sensitivity to cyclic loading. This behavior can
be observed through changes in N, with the reduction of CSR in Table 4.4.
The CSR-N is relatively flat for F0, F10, and F35, which presents a stable behavior with respect
to applied cyclic loading. As an example, the F35 and F25 are compared at CSR = 0.15 and 0.1 to
describe the less sensitivity to cyclic loading in F35. The F35 requires N = 5 at CSR 0.15 and N =
296 at CSR = 0.1 to reach 3% shear strain. The F25 requires N=5.5 at CSR = 0.15 and N = 17 at
CSR =0.1 to reach 3% shear strain. According to these results, it is interpreted that F25 is more
sensitive to cyclic loading and liquefaction compared to F35.
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The fabric and structure of the silty sand can highly influence its sensitivity to cyclic loading. The
sand grains govern the cyclic response of Nevada sand (F0) as they are the only solids in the soil
specimen. After a specific number of cycles, the increased level of Δu results in a weak force chain
where the cyclic loading can promote increase in strains.
The cyclic response of silty sand at silt contents less than the lower limiting silt content (8% in the
current study) is dependent on the position of fines through shearing. The deposition energy and
the level of confining pressure govern the structure of silty sands at low levels of fine content. Silty
sands with low levels of fines content and prepared with low energy (dry pluviation in the present
study), obtain a metastable structure where some silts are placed between the sand grains, while
the void spaces are not fully occupied by the silt. Through shearing, the fines have a tendency to
slide into the available void space and their redistribution in the soil structure results in an increase
of ∆u (Lade and Yamamuro 1997). The F5 specimens have a fines content less than the limiting
fines content (eg. 8%), and with the initial state of the specimens (sample preparation and low
consolidation pressures), a metastable structure can be produced. The void space in the sand
structure is sufficient for the fines to relocate through cyclic loading. The redistribution of fines
through cycles results in two effects. One is increasing in excess pore water pressure, and the other
is providing a stable structure where the fines act as a filler in the soil structure and promote
stability in the force chain. At a point, the cyclic stress and excess pore water pressure overcome
the stability of the force chain resulting in high levels of displacement and finally liquefaction. As
the structure’s stability increases through shearing, the F5 specimens can undergo higher levels of
CSR compared to the other specimens. The metastable structure of the F5 specimens, results in
their sensitivity to cyclic loading and a steep CSR-N curve as presented in Figure 4.1.
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The F10 specimens have silt contents slightly above the lower limiting silt content (8%); therefore,
(es) is slightly higher than (emax)sand. The voids available in the sand structure are occupied with
silt, and a small amount of silt particle fall between sand grain’s contact points. The displacement
of silt between the sand grains through the cycles is less effective on the instability of the structure
as the sand grains can resume contact without much instability occurring in the force chain. This
is due to the closer distance of sand particles with the lower amount of silt in between them.
The structure of F15, F20, F25 silty sand specimens is governed by both silt and sand where the
sand particles have mostly lost contact with the silt particles acting as bridges to transfer load
through the sand grains. The average distance between the sand grains increases from F15 to F25.
The silt particles are displaced through cyclic loading which results in a discontinuity in the force
chain; therefore, higher excess pore water pressure generation rates. The increased level of ∆u and
unstable structure of the soil results in liquefaction. This behavior is more pronounced in F25
where changes in N with reduction in CSR is low so that at CSR = 0.17, N=5 and at CSR = 0.1 N
= 17. Although a higher instable structure is obtained at this range of silt contents, the F20 could
undergo cycles at higher CSR values resulting from several facts. One is the efficient packing of
the soil where the sand grains are still active in the force chain with closer distance compared to
F25. In addition, the ef is lower than F10 and F15 which results in a less compressible structure.
Combination of these two results in a higher level of strength but not necessarily reducing cyclic
loading sensitivity.
The F35 has higher silt content above the limiting silt content (25%); therefore, its cyclic behavior
is governed by the fines where the (ef) is less than the (emax)fines (Table 4.3). The sand grains act as
reinforcement in the silty sand structure. Their higher global relative density of F35 and density of
fines results in less contractive tendency; therefore, Δu is generated with a lower rate through
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cycles. Also, the F35 had the lowest preshear void ratio (around 0.65 in all soil specimens) as the
compressibility of the soil was higher and achieving a higher preshear void ratio was difficult.
The addition of fines to sand changes its maximum (emax) and the minimum (emin) void ratio (Lade
et al. 1998, Yamamuro and Covert 2001, Cubrinovski and Ishihara 2002, Belkhatir et al. 2011).
The variation in the emax and emin for the silt and sand in the present study is discussed in Zamani
and Montoya (2017). At a constant void ratio and with the increase in fines, the relative density
(Dr) changes. The Dr first decreases with the addition of fines, and after reaching a minimum value,
it again increases [Table 4.4]. Several studies have shown the effect of Dr on the cyclic response
of silty sands, which all conclude that with an increase in relative density the liquefaction potential
decreases (Dash and Sitraham 2009, Hazirbaba and Rathje 2009, Belkhatir et al. 2011). The
minimum value of Dr is at 20% silt content for the present silty sand [Table 4.4]. At the range of
15 to 25% silt content, the Dr obtains low values, and it increases reaching 35% silt content. The
lower relative density of the silty sands for F15, F20, and F25 increases their compressibility,
which also accelerates the excess pore water generation and the soil liquefies at lower number of
cycles. Both F0 and F35 have higher Dr compared to the other silty sands, which results in a
reduction in the rate of increase in ∆u and less sensitivity to cyclic loading.
The rate and level of excess pore water pressure generation depend on factors such as the level of
cyclic stress, fine content, relative density. The Δu at 3% strain is presented for all silty sand
specimens in Table 4.4. The results show that generally, the level of Δu increases with a decrease
in CSR value. The soil specimens have liquefied in all cases concerning the liquefaction criteria
(single amplitude, 3% strain). At higher levels of CSR, the level of shear stress is high enough to
overcome the structure and fabric of the soil to produce strain, even though the effective stress is
still relatively high. At lower CSR values, the level of shear stress is low, and it can only generate
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shear strain at low effective stresses; therefore, liquefaction happens at higher levels of Δu.
According to Table 4.4, the Δu at failure is generally higher for 10% silt content compared to the
other soil specimens but the trend of changes in Δu with increase in CSR is similar to the other
soil specimens. The compressibility of fines in F10 specimens is higher compared to other soil
specimens. This fact is due to the high level of ef at this level of silt content compared to the higher
levels. Also at 10% and higher silt content, the soil has a different structure compared to F5
specimens. Both of these factors result in a higher level of compressibility; therefore, higher level
of Δu.
4.3.2 Effect of MICP on the cyclic behavior of silty sands
Silty sand specimens were treated with MICP following the procedure described in Section 2.
After treatment, the samples were consolidated under 50 kPa vertical stress and undergone stress
controlled cyclic loading. The results indicate MICP provides improvement in the cyclic resistance
of all silty sand specimens tested. The cyclic response of untreated and MICP treated specimens
with the same CSR and silt content are presented in Figure 4.2, 4.3 and 4.4 for comparison.
The cyclic response is assessed through changes in normalized shear stress ( / ’vc)max with
normalized vertical stress ( ’/ ’vc), normalized shear stress ( / ’vc)max with shear strain ( ) and
also changes in excess pore water pressure (∆u) with ( ).
At lower silt contents, a metastable structure is formed which highly influences the liquefaction
resistance of the silty sand. Therefore, the effect of MICP on the 5% silty sand specimens is
presented for CSR = 0.23 (Figure 4.2). The F5 specimen with e = 0.73 had undergone cyclic
loading with CSR = 0.23. The specimen reached atThe cyclic response is shown
in Figures 4.2(a) and 4.2(b). The soil specimen shows a strong contractive response, and it reaches
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ru = 0.59 at 3% shear strain. The F5T specimen had undergone cyclic loading with CSR = 0.23,
and it required 111 cycles to reach 3% (Figure 4.2(c) and 4.2(d)) and 3% shear strain at ru = 0.70
(Figure 4.2(e)). The soil particles are cemented which increases their resistance to rearrangement
and ∆u generation. All specimens were treated under a vertical stress of 15 kPa, which has a low
effect on the metastable structure of the F5T specimens. At this low level of fine contents, the void
space in the sand structure is enough for all the silt to fill inside but the specimens were prepared
with low energy which results in some particles falling between sand grains. Through MICP
treatment, cementation takes place at contact and surface of both sand and silt. The silt particles
placed between sand grains are cemented to the sand grains. The cementation has increased the
resistance of the soil both through reduction in ru and increase in number of cycles to reach 3%
shear strain. Therefore, the generation rate of ∆u is less after treatment requiring higher number of
cycles to reach the same level of excess pore water pressure.
The fabric governing the shear response of silty sand at the range of 8 to 25% silt content consists
of both silt and sand; therefore, observing the effect of MICP at this range of silt content is of
interest. For that purpose, the cyclic response of the untreated and MICP treated silty sand with
20% silt content for CSR = 0.23 is presented in Figure 4.3. At this level of fines content, the sand
grains have mostly lost contact with the silt particles sitting between them. Through MICP
treatment, the silt particles are cemented together and to the sand grains. The untreated specimen
reaches with ru= 0.57at Figure 4.3(a) and 4.3(b)while the MICP treated specimen
requires N= 73 cycles to reach at ru= 0.66 Figure 4.3(c) and 4.3(d). The cyclic resistance
of the MICP treated specimen has improved while the level of ru is slightly higher than its untreated
state at . The changes in ∆u through cycles is presented in Figure 4.3€, showing the

115

minimum and maximum range of ∆u through the cycles until reaching 3% shear strain. According
to Figure 4.3(e), the rate of increase in ∆u had decreased with applying MICP where a higher
number of cycles are required to generate excess pore water pressure.
The application of MICP changes the position of the liquefaction resistance curves (CSR-N) as the
soil can undergo higher values of CSR through cyclic loading. The CSR-N curves are presented
for the 10 and 25% silt contents in Figure 4.4. The effect of MICP on the 10% silt content
specimens is less than the higher silt contents [Table 4.2]. This behavior can be a result of high
interfine void ratio, which also reflects the integrity of the cementation. The higher interfine void
ratio results in fewer particles contact in the fine fraction. The bacteria tend to reside at the contact
points and induce calcium carbonate; therefore, with less number of contact points in the fines,
less improvement can be observed. It can be hypothesized that at high CSR values, the silts
surrounding the sand grains can be sheared producing larger sand grains, which have less tendency
to rearrangement. In contrast, at low CSR values, the cementation at contact points of silt is
sheared. However, the increase in density in the soil specimens as a result of bio-cementation is a
permanent effect on the cyclic response.
The number of cycles required to reach liquefaction (i.e. 3% shear strain) is similar between the
F25 specimens, although, the applied CSR is changing.] The CSR-N curve of the F25T specimens
shows the high effect of MICP on improving its liquefiable resistance. After MICP treatment, the
N increases significantly with a lowered CSR value. The number of cycles required to reach 3%
strain at CSR=0.15 in the MICP treated state is 3100. This number has increased compared to the
untreated state and at a similar CSR level, where only 5.5 cycles were required to reach
liquefaction,
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The effect of cyclic stress applied to both untreated and MICP treated specimens is detected by
comparing the N at a constant CSR value with the addition of fines. For this purpose, the data
obtained for three different CSR values are plotted for both untreated and bio cemented specimens
and presented in Figure 4.5. The three set of data points presented for the untreated states are for
CSR = 0.1, 0.12 and 0.15 [Figure 4.5(a)]. In all CSR values, the N increases up to 5% silt content.
The N is relatively constant at silt contents above 5% under CSR=0.15. For CSR= 0.125 and 0.10,
the N generally decreases up to F25, and it increases again at F35. This behavior is attributed to
the high sensitivity of F25 specimens to cyclic loading. The F25 specimens reached failure at
similar numbers of cycles (N) regardless of the level of shear stress applied through the cycles.
The trend of changes in N at varying CSR values for MICP treated specimens is presented in
Figure 4.5(b). Three set of data points pertaining to CSR= 0.15, 0.23 and 0.3 are presented for
MICP treated specimens. The starred data are values calculated according to the developed CSRN curve equation and not from performed tests. The N decreases up to F10T, and it again increases
up to F35T for the CSR= 0.15 and 0.23. It can be observed in Figure 4.5(b) that N changes
differently at CSR=0.3 as variation in N is observed with increase in fines content. The lowest N
was obtained for F10T and F25T. A lower N obtained for F10T at CSR = 0.3 is compatible with
the trends obtained for CSR = 0.23 and 0.15. The F25T also obtains a lower number of cycles at
CSR =0.3 compared to other silt content. The F25T shows the highest vulnerability to increase in
shear stress, especially above CSR = 0.23. The F10T had reached failure at the lowest number of
cycles for all CSR values. At 10% fines content, the effect of sand has diminished in the force
chain while the (ef) is higher than the (emax)fines (Table 4.3). The silt particles with high interfine
void ratios are cemented to the sand and also silt particles and participate in the force chain.
Although all specimens had reached similar Vs values, they can perform differently under cyclic
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loading, which is due to difference in their fabric properties and consequently different in
distribution of cementation. At lower CSR values, with the increase in fines above 10%, the N
increases which can be a function of the reduction in (ef) with increase in fines content. The lower
ef, results in higher numbers of contact points in the fine structure. Therefore, a more effective
cementation takes place. The cemented silt particles resist rearrangement and relocation in the soil,
which helps to reduce the ∆u and increase in liquefaction resistance. It can be concluded that,
cyclic response and variation in number of cycles with increase in silt content for both untreated
and MICP treated specimens, is a function of the structure and fabric, the level of fines content
and the level of applied shear stress.
4.3.3 Liquefaction resistance of MICP treated silty sands
The liquefaction resistance of all silty sand specimens increases after applying MICP. Therefore,
the liquefaction resistance curves (CSR-N) of biocemented specimens are at a different range of
CSR and N. The CSR-N curves are plotted for all MICP treated specimens and presented in Figure
4.6. It can be observed that the MICP treated specimens have a similar sensitivity to cyclic loading
where the CSR-N curves have comparable steepness. Application of MICP has reduced the effect
of the inherent difference of the silty sand specimens (fabric, structure, skeleton and interfines void
ratio, etc.) which resulted in their different shear response. However, the F10T and F35T present
the lowest and highest resistance to liquefaction among all other specimens.
The 35% silt content has a stable cyclic response at its untreated state, and after treatment, a
relatively stable trend with considerable improvement in the cyclic response is observed. The F35
has a higher Dr and a higher density of the silt structure. The density of the silt is more than its
minimum density (Table 4.3). Therefore, a higher number of contact points are obtained between
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silt particles compared to the other silt contents increases the efficiency of MICP at 35% silt
content. The cementation between silt particles and also silt and sand resulted in a higher resistance
to rearrangement and loss of contact between particles.
Limited studies are performed on the effect of MICP on the liquefiable behavior of silty sands. In
a study performed by Sasaki and Kuwano (2016) on silty sand triaxial specimens, the authors
conclude that the fines weakened the effect of MICP on the liquefiable behavior of silty sands,
which is not in agreement with the present study. , The reported mass of calcium carbonate within
the triaxial specimens is not uniformly distributed along the specimen length. Since the DSSc
specimens are much shorted in length, variation in mass of calcium carbonate along the length is
minimized. In addition, the concentration of the treatment solution is higher in Sasaki and Kuwano
(2016) in comparison to the present study. According to Al-Qabany and Soga (2012), different
levels of concentration can result in different cementation patterns and consequently, different
levels of strength. All specimens in our study were treated until reaching Vs around 400 m/sec and
the number of injections varied for different silt contents. The soil specimens with lower relative
density (F10 to F25) required more treatment, which was around 2 to 3 additional injections.
MICP is a natural soil improvement method, which can mimic the natural process happening in
the soil to produce cementation over long periods of time. It is interesting to observe how MICP
affects the cyclic response compared its behavior natural undisturbed sands. Several studies
performed on undisturbed natural sand specimens show their improved cyclic response up to 100%
through aging (Mori et al. 1978). In a study performed by Yushimi et al. (1984) on dense Niigata
sand, natural sand specimens were collected by frozen sampling method and tested using
undrained triaxial test. In their study, dry pluviation method was used to prepare soil specimens
with the same relative density for comparison. The results showed higher cycles strength in natural
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sand specimens attributed to aging, cementation and prior strain history in the compared to dry
pluviated specimens.
The effect of MICP on the cyclic response of silty sands can also be compared to aged mine tailing
material which undergo long-term cementation processes that improves their strength properties.
In a study performed by Troncoso et al. (1988), undisturbed block specimens were obtained from
one, 5 and 30-year-old mine-tailing material in Chile and their cyclic response was determined by
performing cyclic triaxial tests. The results show improvement in the cyclic response with aging
taking place.
The effect of MICP on the cyclic response of Ottawa 50-70 sand (D50= 0.22, Dr= 40%) was
investigated by Montoya et al. (2013) using direct simple shear specimens. Loose soil specimens
were treated until reaching Vs= 660 m/sec, which is higher than the current study. To compare
these results, the data points obtained from Yushimo et al. (1984), Troncoso et al. (1988), Montoya
et al. (2013) and also untreated and MICP treated specimens Nevada sands in the current study is
plotted and the CSR-N relationship is derived according to equation 1:
𝐶𝑆𝑅 = 𝑎𝑁 −𝑏

(1) (Idriss and Boulanger 2008)

For each relationship, parameters “a” and “b” are presented in Table 4.6. In addition, the
improvement obtained is presented by an improvement factor “If” for 1, 15, 100 and 1000 cycles.
According to Table 4.6, the level of improvement obtained for F0T is comparable with
biocemented Ottawa 50-70 at lower number of cycles but the If factor is much higher for Ottawa
at higher number of cycles. It must be noted that the level of shear wave velocity is different for
biocemenetd Nevada compared to the biocemented Ottawa sand which can be a source of this
difference, especially at higher N values. Although the level of cyclic resistance improvement was
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different, its changes with increase in N was similar where both show an increase in improvement
at higher number of cycles.
The Ir values obtain similar values comparing Nevada sand and the frozen samples. However, the
trend of changes in Ir is different. The frozen Niigata specimens show reduction in cyclic
improvement with increase in number of cycles. This fact can is better demonstrated looking at
the change in “b” values, which represent the slope of CSR-N, curves. The frozen Niigata sand
obtained higher “b” value compared to the dry pluviated Niigata sand while, both biocemented
Ottawa and Nevada sand obtained lower “b” values compared to their untreated state. According
to the relative densities of the soil specimens presented in Table 4.6, the highest Dr belongs to
Niigatta sand and with decrease in Dr, the amount of reduction in “b” value decreases;. Niigata
sand (D50 = 0.29 mm), Ottawa sand (D50 = 0.22 mm) and Nevada sand (D50 = 0.15 mm) have
different particle size which can also affect their cyclic response after cementation. As a
conclusion, the effect of MICP can be similar to the effect of natural processes happening to sand
in situ with similar parameters affecting the degree of improvement in both..
The parameters “a” and “b” were also calculated for silty sand specimens tested in the current study
and also from the results obtained by Troncoso et al. (1988) for undisturbed young and aged mine
tailing material with around 25% fines content and e= 0.91. The “b” reduced insignificantly for
5% silt content; therefore, the CSR-N curve had only shifted upwards after MICP treatment. The
“b” value for 15, 20 and 25% silt content all decreased after MICP treatment resulting in a flatter
CSR-N curve. This trend is similar to the changes of mine tailing through aging where the “b”
value slightly decreased. The improvement level of MICP treated specimens at the range of 15 to
25% is higher than the 30 year old mine tailing material, which had similar fines content.
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The 10 and 35% silt content specimens showed an increase in “b” value, which demonstrates a
steeper CSR-N curve after MICP treatment. This is while both F10 and F35 specimens obtained
the flattest CSR-N curve among all silty sand specimens. The relative density, structure and fabric
of the soil can be a reason behind this change. The lower density of fines in F10T can result in a
more brittle structure, which increase the steepness of the CSR-N curve. The fines in F35T obtain
a high density and govern the shear response. Also, both F10 and F35 obtain high values of relative
density compared to F15, F20 and F25. Therefore, after treatment, changes similar to dense frozen
Niigata specimens was observed where a steeper CSR-N curve was obtained compared to the dry
pluviated soils specimen.
4.3.4 Change in CRR with increase in silt content
The CRR is defined as the CSR required to reach a designated shear strain at N = 15
(Seed and Lee 1996). The CRR for each silt content is presented in Figure 4.7. The change in CRR
with increase in silt content is relatively constant in the untreated specimens compared to the MICP
treated specimens. The 10% silt content obtained the lowest CRR value while the 35% silt content
obtained the highest. However, the level of CRR are unclear at ranges of silt content where the
fabric governing the shear response changes such as at the range of 5 to 10% or 25 to 35% fines
content.

The

change

of

CRR

as

a

result

of

bio-cementation

is

presented

in

Figure 4.7(b). The effect of MICP on cyclic resistance is the least for the 10% silt content specimen
compared to other silt contents. The highest effect of MICP is on the 5 and 35% silt content
specimens. The change in CRR is higher in the 35% silt content compared to Nevada sand, which
can be a result of more contact points in fines compared to sand while their initial relative density
is similar. In addition, the change in CRR is higher in the 5% silt content compared to Nevada
sand. This behavior is related to the more stable structure of 5% silt content specimens compared
122

to Nevada sand, which is a result of the fines providing stability for the sands grains. This effect
can become developed in the treated state where the void filling fines are also cemented. The
changes in the CRR level of MICP treated soils remained unspecified at fines content 5 to 10%
and also 25 to 35% silt content. Different behaviors can be observed at these ranges and for that
reason the data points are connected with dotted lines. As an example, the 30% silt content
specimens can show an increase, decrease or unchanged level of CRR in comparison to the 25%
silt content. The fines content increases resulting in higher number of contact points and a decrease
in es. The extent of the effect of these variants can be different resulting in an unpredictable
response. Variation in changes of CRR is more pronounced after MICP treatment, which is a
function of the effect of MICP on different soil fabric and structures.
4.5 Conclusions
Silty sands can show more liquefiable behavior compared to clean sands due to their difference in
fabric and structure. In this study, MICP treatment method is applied to silty sands with varying
fine content (0 to 35%) to observe its effect on the cyclic response of the silty sands specimens.
The cyclic response of untreated and MICP treated silty sand is discussed through variables
affecting its fabric and structure.
The liquefaction resistance of untreated silty sand is different for each silt content, but according
to the results, the Nevada sand, F10, F35 had shown less sensitivity to cyclic loading where their
CSR-N curves are considerably flat compared to the F5, F15, F20, and F25 specimens. This
difference in behavior is attributed to the fabric and structure of the soil at each silt content. The
cyclic response of Nevada is governed by sand, and the 35% silt content is governed by the silt.
The response of the 15, 20 and 25% silt content specimen is governed by both silt and sand where
silts are occupying space between the sand grains and forming bridges between them. The silt is
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displaced from between the sand grains, and they lose contact, which results in a weaker force
chain. The 5% silt content specimens have a different structure, where the silt particle sit between
the sand grains while the intergranular voids (voids between sand grains) have space for the silt.
This structure is metastable and forms where the silty sand contains low amounts of fine and it is
deposited with low energy and low confining pressure.
After applying MICP, the cyclic resistance of all silty sand specimens had improved compared to
their untreated state. This improvement is accompanied by an increase in the number of cycles
required to reach liquefaction at a constant CSR value. In addition to that, the rate of excess pore
water generation had decreased with applying MICP. The extent of improvement was different for
the different fines content. The fabric governing the shear response and the relative density of the
soil specimen are the most important parameters affecting the cyclic response of the MICP treated
silty sands. The 35% silty sand specimens with the highest relative density and silt governing their
behavior, showed the highest effect of MICP treatment. The higher fines content resulted in the
higher number of contact point which is a governing parameter in MICP. The metastable structure
of 5% silt content specimens is different from other silt contents and even after treatment up to
Vs= 450 m/sec, it still showed high sensitivity to cyclic loading. The high relative density of the
fines at this fine content and their presence between the sand grains promotes less effectiveness of
MICP at this fine content. The change in CRR reflects the effect of structure, fabric and relative
density at each fines content but it shows that MICP is effective for the range of silt content tested.
The results of this study show that applying MICP had improved the liquefiable resistance of silty
sands with 0 to 35% silt content. According to the results, MICP method is a promisable method
for in situ application as it is compatible with the small pore size of the silty sands such that the
35% silt content showed the highest level of improvement. The results obtained were compared to
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the cyclic response of Natural Niigata sand and aged mine-tailing material. The results show that
MICP can mimic the response of natural soil insitu with similar parameters affecting their
response.
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Table 4.1 Sand and silt characteristics
Name

Nevada Sand

Silica Flour

USCS
Classification

Uniformly graded

Ground silica

D50

0.15 mm

0.010 mm

D15

0.11 mm

0.0016 mm

D85

0.18 mm

0.029 mm

Cu

1.70

n/a

Cc

1.24

n/a

Gs

2.65

2.65

Mineralogy

Quartz

Quartz

Shape

Angular*

Sub-angular

*Shape of sand based on evaluation by Mikola and Sitar (2013)

Table 4.2 Chemical recipe for treatment procedure
Phase 1

Phase 2

Biological treatment
concentration

Cementation treatment
concentration

Urea

333 mM

333 mM

NH4CL

374 mM

374 mM

CaCl2

---

50 mM

S. pastuerii

~107 cells/mL

---

Recipe
Component
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Table 4.3 characteristics of the silty sand specimens with a target preshear void ratio 0.7

Silt

Sand and Silt

Sand

Fabric
governing

Silt
content

emax

emin

es [1]

ef [2]

Dr [3]
%

0

0.86

0.58

0.70

---

57

5

0.86

0.54

0.79

14

50

10

0.92

0.46

0.88

7

48

15

0.93

0.44

1.00

4.66

47

20

0.93

0.41

1.12

3.5

44

25

0.96

0.44

1.26

2.8

50

35

1.04

0.44

1.16

1.85[4]

57

[1] es refers to the skeleton void ratio calculated by 𝑒𝑠 =

1+𝑒
1−𝐹𝐶

-1, where e is the global void ration (assumed 0.7 through

this table) and FC refers to the fines content (Thevanayagam 1998).
[2] ef refers to the skeleton void ratio calculated by 𝑒𝑠 =

𝑒
𝐹𝐶

, where e is the global void ration (assumed 0.7 through this

table) and FC refers to the fines content (Thevanayagam 1998).
[3] Dr refers to the relative density which is calculated for the global void ratio € equal to 0.7 by 𝐷𝑟 =

𝑒𝑚𝑎𝑥 −𝑒
𝑒𝑚𝑎𝑥 −𝑒𝑚𝑖𝑛

[4] This value is calculated for a e = 0.65 as most of the specimens prepared had a preshear void ratio at this range.
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Table 4.4 Characteristics of untreated silty sand specimens
silt
content
%
F0

F5

F10

F15

F20

F25

F35

CSR

N

Preshear
void ratio

0.146
0.142
0.125
0.1
0.31
0.23
0.15
0.12
0.1
0.17
0.15
0.13
0.1
0.236
0.2
0.15
0.125
0.1
0.272
0.23
0.2
0.15
0.1
0.211
0.17
0.15
0.12
0.1
0.17
0.15
0.125
0.1

0.25
2.25
25
37
0.25
1.5
13
97
232
0.25
6
32
93
0.25
4
5
17
188
0.25
1.5
4
4.5
57
0.25
5
5.5
6
17
0.25
5
86
296

0.70
0.70
0.70
0.71
0.70
0.73
0.72
0.66
0.74
0.69
0.74
0.67
0.66
0.70
0.7
0.68
0.7
0.67
0.69
0.7
0.72
0.7
0.69
0.71
0.71
0.69
0.72
0.65
0.65
0.66
0.65
0.67
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Δu (kPa)
at 3% shear
strain
21.9
26.1
39.5
38.7
18.1
29.6
22.4
37.2
40.0
24.1
41.1
40.6
43.6
22.0
27.0
30.1
38.7
40.1
19.2
28.5
31.6
36.6
39.2
14.1
28.6
36.5
28.6
40.4
17.3
35
39.2
38.5

Table 4.5 Characteristics of MICP treated silty sand specimens

Name

F0T

F5T

F10T

F15T

F20T

F25T

F35T

Initial
Final
Preshear
Vs
Vs
void
(m/sec) (m/sec)
ratio
0.71
0.75
0.73
0.74
0.69
0.72
0.74
0.74
0.72
0.68
0.72
0.69
0.68
0.70
0.70
0.72
0.69
0.71
0.68
0.71
0.65
0.75
0.70
0.73
0.64
0.67
0.65
0.65
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88
121
94
127
125
120
118
101
126
111
142
124
91
110
108
136
110
134
121
89
108
92
74
67

462
442
438
470
464
451
442
433
408
408
432
418
414
404
398
423
437
414
419
428
429
440
402
398
465

151
131
108

455
490
458

Void
ratio
after
treatment
0.62
0.70
0.68
0.68
0.61
0.67
0.69
0.69
0.65
0.64
0.68
0.63
0.61
0.66
0.66
0.66
0.62
0.66
0.63
0.68
0.57
0.71
0.68
0.68
0.53
0.60
0.59
0.61
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CSR
0.42
0.30
0.23
0.15
0.64
0.45
0.30
0.23
0.34
0.30
0.23
0.15
0.38
0.30
0.23
0.15
0.42
0.30
0.23
0.15
0.33
0.30
0.23
0.15
0.61
0.45
0.30
0.15

N
0.25
17
276
2851
0.25
16
91
111
0.25
7
32
144
0.25
54
91
490
0.25
42
73
653
0.25
7
138
2321
0.25
8
351
692

ΔU
Calcite
(kPa)
Content
at 
%
3.37
7.8
2.88
27.7
3.02
34.0
3.39
36.3
0.0
2.78
25.5
2.93
33.4
2.98
35.3
2.76
2.35
17.4
2.74
37.8
2.45
29.8
2.53
41.3
2.41
13.0
2.07
29.0
2.02
33.0
2.56
40.5
2.45
6.5
3.4
25.0
2.69
33.25
3.01
35.68
2.03
19.0
1.96
31.3
1.58
30.8
2.66
34.3
3.81
-2.3
28.4
32.1
39.5

3.90
3.83
3.35

Reference

Table 4.6 Characteristics of MICP treated silty sand specimens

Montoya et al.
(2013)
Present study

Silty Sand

Troncoso et
al. (1988)

Present
study

Clean Sand

Yushimi et al
(1984)

Froze

Ir for
Soil Type

a

b

Dr

∆b

Change in Ir from
N=1 to N=1000

N=

%

Niigata sand

1.044

1

15

100

1000

0.207

Pluviated Niigata
Sand

0.283

0.176

MICP treated
Ottawa 50-70

0.535

0.052

Untreated
Ottawa 50-70

0.196

0.182

F0T

0.390

0.109

F0

0.147

0.129

30 year old Mine
tailing

0.722

0.148

1 year old Mine
tailing

0.473

0.178

F5T

0.556

0.148

F5

0.233

0.154

F10T

0.31

0.113

F10

0.16

0.081

F15T

0.386

0.123

F15

0.202

0.137

F20T

0.383

0.122

F20

0.226

0.191

F25T

0.323

0.085

F25

0.179

0.160

F35T

0.539

0.098

F35

0.160

0.070

87

0.031

3.7

3.4

3.2

2.9

-0.77

40

-0.130

2.7

3.9

5.0

6.7

1.45

57

-0.020

2.6

2.9

2.9

3.0

0.39

N/
A

-0.030

1.6

1.8

1.9

2.0

0.37

50

-0.006

2.4

2.4

2.4

2.5

0.1

48

0.032

1.9

1.8

1.7

1.6

-0.39

47

-0.014

1.9

2.0

2.0

2.1

0.2

44

-0.069

1.7

2.0

2.3

2.7

1.04

50

-0.075

1.8

2.2

2.6

3.0

1.23

65*

0.028

3.4

3.1

3.0

2.8

-0.59

*The relative density at the 35% silt content is calculated using void ratio= 0.65 as all of the soil specimens obtained this range of void
ratio.
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Figure 4.1 CSR-N curves for untreated silty sands
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Figure 4.2 Cyclic response of silty sand with 5% silt content at CSR = 0.23, (a) and (b) untreated
(c) and (d) MICP treated (e) CSR-N curves for untreated and MICP treated silty sand with 5% silt
contents
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Figure 4.3 Cyclic response of silty sand with 20% silt content at CSR = 0.23, (a) and (b) untreated
(c) and (d) MICP treated (e) CSR-N curves for untreated and MICP treated silty sand with 20%
silt contents
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Figure 4.4 (a) CSR-N curves for untreated and MICP treated silty sand with 10% fine content, (b)
CSR-N curves for untreated and MICP treated silty sand with 25% fine content

Figure 4.5 Change in number of cycles to reach 3% shear strain at a constant CSR value and with
the addition of fines. (The starred data points are extrapolated according to the developed CSR-N
curve equations) (a) Untreated silty sand, (b) MICP treated silty sand
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Figure 4.6 CSR-N curves for MICP treated silty sands
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Figure 4.7 (a) CRR for untreated and MICP treated silty sands at varying fine content, (b) Change
in CRR as a result of MICP treatment
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ABSTRACT
Silty sands can experience severe consequences from liquefaction; therefore, soil improvement
methods are required to improve their strength and resistance to liquefaction. Application of
conventional soil improvement methods, such as cement grouting, jet grouting, and soil
densification, is restricted in silty sands due to their low permeability. Chemical grouting is the
most favorable method for silty sands. However, possible potential for environmental impacts and
changes in viscosity of the treatment solution with time can hinder implementation of this method.
Microbial induced calcium carbonate precipitation (MICP) is a new, natural and sustainable soil
improvement method which applies natural process to improve the soil properties. Research has
shown that with MICP treatment, the permeability decreases and the strength properties improve.
Little is known about the changes in permeability of fine sands and silty sands as a result of MICP,
which is the focus of this study. In addition to the changes in permeability, the changes in initial
allowable injection rate and radius of influence of MICP is of interest which is assessed through
numerical modeling by Seep/W and Sigma/W programs. According to the results, the permeability
of Nevada sand and silty sands decreased through MICP application. The allowable injection rates
and radius of influence change depending on the changes in excess pore water pressure, and
improved levels of strength and stiffness. The changes in permeability compared to the improved
level of strength and stiffness are important parameter to define the injection pattern of silty sands
in situ.
Key words: Cemented silty sand; Shear wave velocity; microbial induced calcium carbonate
precipitation; Sporocarcina pasteurii; Injection rate; injection pressures.
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5.1 Introduction
Recent earthquakes have shown the severe consequences of liquefaction where near surface
saturated fine grain sands and silty sands were present (Cubrinovski et al. 2011, Green et al. 2012,
and Aydan et al 2012). Therefore, improving the soil properties of this type of soil is important to
minimize the impact of liquefaction. Applying conventional soil improvement methods such as
soil densification and drainage on silty sands is restricted due to the soil’s lower permeability, as
the permeability of the soil plays a significant role in the time required for excess pore water
pressure dissipation. As an example, to accelerate excess pore pressure dissipation, closer distance
of drains is required, which affects cost. (Thevanayagam and Martin 2002). Factors effecting the
permeability of silty sands include fine content, void ratio and soil gradation (Belkhatir et al. 2013,
Bandini and Sathiskumar 2009). The permeability decreases with increase in fines content.
Belkhatir et al (2013) reports reduction in permeability of Chlef sand, by four orders of magnitude
when fines content increased up to 50%. Fines added to sand occupy the voids resulting in the
reduction of pore throats area, and therefore, a lower permeability. The groutability of soils
becomes difficult when permeability is lower than the 1x10-5 m/sec, especially when fines are
present (Truex et al 2011, Karol 2003). The relative size of grout and soil, filtration of the grout
and clogging makes grouting a challenge specifically for smaller sized particles (Elmohtar et al
2015, Axelsson et al 2009, Truex et al. 2011, and Chupin et al. 2009). To minimize the effect of
solid particles through grouting, chemical grouts with low viscosity and controlled gelling time
are used so that the grout can penetrate farther before solidifying. Possible environmental effects
and high costs of chemical grouting is a concern for improving soils (Mitchel 2008, Karol 2003).
In addition, changes in viscosity of the chemical grout during the injection can reduce the
permeability up to several orders of magnitude and prohibit further injections (Karol 2003).
Therefore, a new method with less environmental impact is required to improve the liquefiable
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behavior of fine grain sands and silty sands without permeability of the soil and the viscosity of
the treatment media being a restriction.
Bio-mediated soil improvement is an emerging research field that meets societal needs for ground
improvement in a more natural and sustainable manner. Bio-mediated soil improvement employs
chemical reactions, mediated by bacterial activity, which improve the mechanical properties of the
soil. Microbial induced calcium carbonate precipitation (MICP), is one of the more studied biomediated soil improvement methods. MICP uses urea hydrolysis as a chemical reaction to increase
the alkalinity of the pore fluid and induce calcium carbonate precipitation (Fujita et al. 2008;
Stocks-Fischer et al. 1999). Sands and silty sands cemented through MICP process exhibit an
increase in shear strength, shear stiffness, and dilative properties (Zamani and Montoya 2017,
Sasaki and kuwano 2016, Montoya and DeJong 2015, Burbank et al. 2013, Montoya et al. 2013,
Chou et al. 2011, Van Paassen et al. 2010). The precipitated calcium carbonate influences the
behavior of the soil by bonding the particles together and densifying the soil by decreasing the
void ratio (Montoya and DeJong 2015). MICP results in reduction of permeability, as solids are
added to the soil reducing the pore throats size and also the voids space (Martinez et al 2010, AlQabany and Soga 2013, Van Paassen et al 2009). The reduction of permeability due to MICP is a
concern for in situ implementation; therefore, assessing its change is of interest. In case of fine
grain sands and silty sands which have inherently lower levels of permeability compared to coarser
grained sand, understanding the change sin permeability is an important factor as it affects the in
situ application procedures such as injection rates and pressures. Changes in permeability is
governed by the maximum calcium carbonate content in the soil specimens (Whiffin et al 2007,
Martinez et. al. 2013). The level of permeability, injection rates and traveling time should be
reasonable for proportional calcium carbonate precipitation at target locations. The allowable
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injection rate and pressures are a function of the permeability, overburden pressure, shear strength,
and stiffness of the soil, and should be chosen accordingly in order to prevent fracture and shear
failure (Van Paassen et al. 2009, Ozgurel and Vipulanandan 2005, Chupin et al 2009, Karol 2003).
The changes in permeability and relevant injection rates of biocemented silty sands is more
important compared to fine clean sands. The reason is attributed to their inherent lower range of
permeability before treatment. The reduction in permeability leads to an increase in excess pore
water pressures and decrease in injection distance. While implementing MICP results in a
reduction of permeability, it also improves the shear strength of the soil; therefore, the allowable
injection rates should be assessed considering both changes.
In this study, the permeability of MICP treated fine grained sand, Nevada sand, and Nevada sand
containing 15% silt content with a void ratio 0.7 was evaluated at different levels of improvement.
Non-destructive shear wave velocity (Vs) measurements were performed via bender elements as a
proxy of the level of improvement and calcium carbonate precipitation. Constant head
permeability tests were performed on the specimens with varying levels of shear wave velocity
and changes in permeability were detected. Distribution of calcium carbonate through the soil
specimens and its changes with increase in the level of cementation is discussed.
The injection rates and its changes through treatment process is an important factor for applying
MICP in situ; therefore, numerical modeling using finite element Seep/W and Sigma/W programs
was performed to detect the effect of change in permeability, shear strength and stiffness properties
on the level of excess pore water pressure generation and allowable injection rate. The possible
effect of MICP on changes in injection rates and development of excess pore water pressure is
discussed.
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5.2 Experimental study
5.2.1 Material and methods
5.2.1.1 Soil properties
The soils used for this study include fine poorly graded sand, Nevada Sand, and non-plastic silica
flour, Sil-Co-Sil 52. The grain size distributions of Nevada sand and the silt were determined by
sieve analysis and hydrometer testing and presented in Figure 5.1. Nevada Sand contained particles
finer than 0.075 mm and it was passed over sieve #200 to ensure known, consistent fines content
in each specimen. The grain sizes of the sand and silt are compatible concerning drainage and
filtration criteria (e.g., Terzaghi’s filtration and drainage criteria (Holtz and Kovaks 2011)). The
properties of the sand and silt used are summarized in Table 5.1.
5.2.1.2 Specimen preparation
The specimens were prepared by dry pluviation, recommended for silty sand as it is consistent and
reliable, and it reduces segregation in the soil specimen (Wood et al. 2008). Specimens were
prepared with a height of 7 cm and diameter of 7.6 cm using dry pluviation to obtain a void ratio
of 0.7 (dry density of 1.55 gr/cm3).
5.2.1.3 MICP treatment method
Sporosarcina pasteurii (American Type Culture Collection (ATCC 11859), Manassa, Virginia), a
soil bacterium with high urease activity, is used in the laboratory study to catalyze the biochemical
reaction. An ammonium-yeast extract growth media (ATCC 1376: 20g/L of yeast extract and
10g/L of ammonium sulfate suspended in a 0.13 M Tris buffer with pH of 9) was prepared by
autoclaving the ingredients separately. S. pasteurii was inoculated into the growth media (after
mixing the autoclaved ingredients) and incubated at 30°C with a speed of 200 rpm for 40 hours.
The optical density (OD600) was measured and after reaching between 0.8 to 1, the culture was
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centrifuged in 15 ml vials at a rate of 4000 g for 20 minutes and replaced with fresh growth media.
Harvested bacteria were stored in centrifuge vials at 4 °C for a maximum of 14 days. More details
regarding preparing the bacteria used in the MICP treatments are presented in Mortensen et al.
2011.
A two-phase injection was used for the cementation process: biological and cementation phases
[Table 5.2]. First, the biological solution was inoculated from bottom to top and retained in the
soil specimen for 3 to 6 hours for a better attachment of bacteria to the soil particles. The
cementation solution was prepared and injected for calcium carbonate precipitation every 12 hours
until the target Vs was achieved.
The pH of the effluent was measured after each cementation injection to monitor the bacterial
activity. A pH above 9 demonstrates sufficient consumption of urea based on the chemical recipe
used in this study. If the pH level drops below 8, the bacterial activity was assessed as decreased.
In this case, a small amount of bacteria was added to the treatment solution before injection to help
resume the bacterial activity (Martinez 2012).
5.2.1.5 Shear wave velocity measurements
Vs measurements were performed to track the cementation progress in real time. Bender elements
were utilized to perform Vs measurements throughout the treatment process. The bender elements
were prepared with special techniques to work properly in a highly conductive environment
(Montoya et al. 2012). The bender elements were attached to the mid height of the specimen mold.
A 5-V, 100 Hz square wave was sent to the sending bender element, and an oscilloscope was used
to determine the travel time of the shear wave. When a square wave is used as the source voltage,
the sensor operates at its resonant frequency (Lee and Santamarina 2005). Square waves are
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recommended since the natural frequency of soil is changing through MICP improvement
(Montoya et al. 2012). The first crossover of the received signal was used to determine the travel;
time as recommended by Lee and Santamarina (2005). The distance between bender element tips
and travel time of the square wave are used to calculate the Vs.
5.2.1.6 Constant head permeability test
A series of constant head permeability tests were performed to evaluate the changes in permeability
through MICP treatment. For these series of tests, a constant head Geotac permeameter was used
to evaluate permeability of the soil [Figure 5.2]. In designing the setup, use of valves, fittings and
small diameter tubing is eliminated to avoid additional head loss. The permeameter was placed in
a tub to maintain a constant head water elevation. The tub should be maintained full to keep the
bottom head of the sample constant. The air bubble pipe is lifted to a desired elevation and its
distance from the top of the specimen is recorded. Water passes through the soil and over flows
from sides of the tub. While filling the reservoir tube, the air bubble tube should be covered by a
finger or a stopper to maintain a constant pressure at tip of the tube equal to the air pressure. The
distance between water elevation in the tub and tip of air bubble tube is the constant head difference
on the sample, which is labeled “H” in Figure 5.2. To accommodate the passage of water through
the specimen, the air bubble tube releases air through the reservoir, which drops the water level.
The hydraulic gradient “i” is defined as the change in head, H, over the length of the soil specimen,
L calculated by eq. (1)1:

𝑖=

𝐻

(Holtz et al. 2011)

𝐿

(1)

The hydraulic conductivity or permeability “k” is determined using Darcy’s Law (e.g., eq. (2))
where “Q” is the volume of water passed through the soil and it is determine using the change in
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water height of the reservoir tube. The time required for the water level to drop from two reading
points is defined as “t” and the permeability “k” is calculated as:

𝑘=

𝑄

(Holtz et al. 2011)

𝑖𝐴𝑡

(2)

After preparing the specimen (either untreated or MICP treated) and when it is ready to be tested,
the sample is screwed in its designated place in the permeameter as shown in Figure 5.2. In order
to assure saturation prior testing, two to three pore volumes of water is passed through the soil
from bottom to top. The test is performed and the permeability value is calculated at each time
intervals until reaching a stable value which is reported as the permeability of the soil.
5.2.1.7 Calcium carbonate content measurement method
The amount of calcium carbonate precipitated in the soil was measured through a gravimetric acid
washing technique. Oven dried samples from three locations over the length of the specimens were
mixed with 1M HCl for three to four times. At each stage, the supernatant was removed with a
syringe after the solids had settled to prevent the silt particles from washing out. To ensure that the
fine particles do not migrate through removal of the supernatant, an untreated 35% silt content soil
specimen was washed several times under the same process. The results showed that the mass loss
was insignificant (less than 0.08%). The soil samples were rinsed with water two times before
placing in the oven. At the end, oven dried mass of the soil was measured to calculate the difference
in weight. Percentage of calcium carbonate is specified as the weight of calcium carbonate divided
by the dry mass of soil (not including calcium carbonate) (Mortensen et al. 2011).
5.2.2. Results and discussion
In this study, the permeability of several Nevada sand and silty sand specimens were measured
through MICP treatment and after reaching target levels of Vs. One of the specimens was left
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untreated as a baseline for each soil category. The remaining specimens were treated until reaching
the desired level of cementation, assessed using Vs. Constant head permeability test was performed
on each soil specimen to define its permeability. The changes in permeability due to the MICP
treatment process on Nevada sand and Nevada with 15% silt content are presented in Figure 5.3.
5.2.2.1 Permeability of untreated soil
The addition of silt to sand reduces its permeability. The measured permeability of 15% and 35%
silt content silty sands are one and two order of magnitude lower than clean Nevada sand,
respectively [Figure 5.3]. The void ratio of the tested soil specimens are similar; therefore, the
volume of voids is similar but the size of pore throats changes with the addition of fines. Clean
sands have larger pore throats for transferring flow as the particles are larger in size. With the
addition of silt, the fine particles are placed between the sand grains and decrease the general size
of pore throats, reducing the rate of flow and permeability. The flow should overcome the frictional
forces between the liquid and surface of particles. At lower flow rates, the amount of energy lost
with friction decreases. The smaller pore throat size of the silty sand while the void ratio is similar
to sands results in a lower rate of flow to adjust with the constant head applied. Similar results
were obtained in other studies for different types of silt and sand which show reduction of
permeability with the addition of fines (Sathees 2006 and Belkhatir et al. 2013, Bandini and
Sathiskumar 2009).
5.2.2.2 Permeability of MICP treated soils
The application of MICP changes the permeability through several processes such as reduction in
volume of voids and pore throat area. Through MICP treatment, calcium carbonate is added to the
soil reducing the volume of voids. In addition, the bacteria tend to reside at contact points resulting
in calcium carbonate precipitation which reduces the pore throat area (Al Qabany and Soga 2013,
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Martinez et al. 2013, Whiffin et al. 2007). These processes alter the level of permeability through
improvement. According to Figure 5.3, with increase in shear wave velocity which is a proxy of
the level of cementation, the permeability reduced in both Nevada sand and Nevada sand with 15%
silt.
The initial relationship between permeability values of Nevada sand and Nevada with 15% fines
remains relatively unchanged at different levels of cementation concluding that MICP treatment
reduces the permeability of silty sand similar to clean sand. According to the results, the variation
of permeability is similar for Nevada sand and the 15% silt content with increase in the level of
treatment. Therefore, some of the pore throats conveying flow may be filled up with cementation,
but the majority of the flow paths remain open; this is a promising result for applying MICP in
situ.
5.2.2.3 Calcium carbonate distribution
After performing the constant head tests, the calcium carbonate content of the soil specimens were
measured applying acid washing techniques. Soil samples were taken from bottom, middle and
top of the specimens to measure the calcium carbonate content and evaluate its distribution through
the soil specimens. The results obtained are presented in Table 5.3. The distribution of calcium
carbonate through the length of the specimens for both Nevada sand and Nevada sand with 15%
silt is presented in Figure 5.4.
Through the biological injection, the bacteria can be filtered by the soil while the biological media
is traveling through the soil specimen. Filtration of bacteria through the soil results in a higher
number accumulating close to the injection port (i.e., the bottom of the specimens tested herein)
compared to distances further from the injection source. In this study, both bacteria and
cementation solution were injected from bottom to top. The bacteria at the bottom of the specimens
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starts hydrolyzing the urea once the cementation injection starts. The remaining urea reaches
farther points but, as more bacteria are present close to the injection port, higher calcium carbonate
is precipitated at this area. This trend is a function of both the number of bacteria, filtration degree
(i.e., size of void space) and rate of cementation solution delivery. At lower permeability, the
cementation treatment is conveyed with a lower speed; therefore, the bacteria at the bottom can
hydrolyze a higher amount of urea. The observed distribution of calcium carbonate is similar to
other studies reported in literature (Martinez et al. 2013, Feng and Montoya 2015). With increase
in the cementation level (e.g., shear wave velocity), calcium carbonate has precipitated through
the whole length showing that enough of the treatment solution has reached farther points for
calcium carbonate precipitation.
The calcium carbonate content of Nevada sand treated up to Vs = 440 m/sec shows higher values
at top compared to the middle [Figure 5.4(a)]. This trends can be due to the movement of small
size calcium carbonate to farther distances through injections which is in agreement to other
studies performed on clean sand (Sasaki and Kuwana 2017, Feng and Montoya 2015). Another
interesting observation about the treated Nevada sand is the specimen with Vs = 530 m/sec where
calcium carbonate precipitation did not take place at top compared to the specimen with Vs = 440
m/sec. The calcium carbonate content increased at the bottom and middle of the specimen with Vs
= 530 m/sec, compared to other improvement increments. This indicates the majority of urea
hydrolysis took place at the bottom and middle; therefore, a minimum amount of cementation
treatment reached the top of the specimen. In addition, when small amounts of bacteria are
introduced during the cementation phase (as explained in the materials and methods section), at
higher treatment levels, the size of pore throats is smaller and more bacteria filtration can happen.
Therefore, the population of the bacteria can increase close to the injection ports.
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The presence of fines and change in the fabric of the soil results in more filtration of bacteria
leading to higher numbers of bacteria close to the injection port (bottom of the specimen) and less
attached at the middle and top. In addition, the smaller pore throats reduce the potential for the
migration of bacteria to farther points. Comparing Nevada sand with a Vs=175 m/sec and Nevada
sand with 15% with a Vs = 150 m/sec, bacteria filtration is more evident in the silty sand where
more cementation took place at the bottom (2.96%) compared to Nevada sand (1.83%). However
their calcium carbonate content is similar at the middle of the specimen. With increase in the
cementation level, distribution of calcium carbonate is different in the 15% silty sand compared to
Nevada sand. This difference can be attributed to the larger pore size of the clean sand which
provides flow paths for calcium carbonate movement or migration of bacteria to farther points.
These phenomena can occur less in silty sands due to its inherent properties.
5.3 Numerical analysis
The injection rate and pressure of the treatment process are some of the important aspects regarding
implementation of MICP in situ. Therefore, in this study, the permeability values of untreated and
MICP treated soil specimens are used in conjunction with the improved strength properties to
observe the change in injection rates with improvement. Finite element Seep/W and Sigma/W
programs are coupled and used to investigate the change in maximum injection rates without
failure occurring in the soil. The injection points are located at four depths in an axisymmetric
model with a central angle of 360°. The geometry of the model for both Seep/w and Sigma/W
program and the locations of the four injection points is presented in Figure 5.5 and Figure 5.6.
Sensitivity analysis was performed to find the dimensions of the region so that the boundaries do
not affect the results. The horizontal length of region one and two are, 7 and 8 meters respectively.
The mesh size was also changed in both regions until the resultant values at each node were
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insignificantly changed. The mesh size is 0.1 m in region 1 which is close to the injection points
and 0.15 m in region 2. The mesh size is smaller close to the injection points to provide a higher
accuracy to the calculations and results. The boundary conditions are also presented for both
models. The Seep/W program has a constant total head boundary equal to 15 m at bottom and right
side. The boundary conditions for the Sigma/W model are also defined so that no displacement
occurs at the bottom, and horizontal displacements is defined as zero at the left and right side with
no boundary at the top.
The changes in total head, velocity, excess pore water pressure, and hydraulic gradient are
calculated at each time step in the Seep/W program. The Mohr-Coulomb elasto-plastic model is
used in the Sigma/W program to calculate the stress and strains in the soil. In the Sigma/W model,
the stresses are directly proportional to the strains until reaching the yield point. At the yield point,
the soil enters a plastic state, where strain increases with no change in shear stress. The changes in
effective stress with changes in excess pore water pressure is used to calculate the strain for each
injection step. The strain at the surface is used as an indication of failure in the soil (e.g. 1% shear
strain).
Numerical analysis is performed to calculate the maximum allowable injection rates (Qall), and the
farthermost distance that the treatment solution can travel in the soil without soil failure occurring.
As the first step, the analysis is performed for steady state seepage and in situ state of stress. The
soil properties used for each model is presented in Table 5.4. Through this section, the soil in each
analysis is referred to with a number following “F” which is the fines content and either “U” or
“T” which refer to the untreated and treated states. As an example, F0T is treated Nevada sand.
Alternately, F15U is silty sand with 15% fines at its untreated state.
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The permeability values are obtained from the constant head permeability tests performed on the
soil specimens in the current experimental study. The initial and final porosities are calculated
according to the void ratio of the soil noting that calcium carbonate precipitation increases the
volume of solids and consequently, the unit weight. The changes in volume of solids and porosity
are calculated according to the degree of cementation at each shear wave velocity and using Gs =
2.71 for calcium carbonate (DeJong et al 2017). The ratio of horizontal to vertical permeability, kx
/ ky, is assumed to be “1” for simplicity. The Seep/W program does not take the viscosity as an
input but for MICP application this is not a limitation as the viscosity is similar to water and does
not change with time.
In a study performed by Zamani and Montoya (2017), the undrained shear response of silty sands
at varying silt contents before and after MICP treatment is detected using direct simple shear
method. The direct simple shear specimens were treated reaching Vs of around 400 m/sec. The
shear modulus (G) at 1% strain was obtained from the direct simple shear test results and converted
to (E) and (M) using Poisson ratio using eq. (3) and eq. (4):
(3)

𝐸 = 2𝐺(1 + 𝜈)

(4)

𝑀 = (1−2𝜈)(1+𝜈)

(Holtz et al. 2011)

𝐸(1−𝜈)

(Holtz et al. 2011)

In a study performed by Weil et al. (2011), changes in Poisson’s ratio of sands through MICP
treatment was calculated using measured shear and compression wave velocities. In their study,
the Poisson’s ratio increased from 0.27 at the untreated state to 0.3 after reaching Vs=900 m/sec.
The Poisson’s ratio in the present study is chosen as 0.27 for the untreated and 0.29 for the treated
state for both sand and silty sand. The initial friction angles are obtained from Jaeger (2012) which
presents the critical state friction angles for Nevada sand with varying low plasticity Yolo loam
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contents. The friction angle of the MICP treated soils change compared to their untreated state.
Changes in the friction angles after MICP treatment of Nevada sand is interpreted according to
Montoya and DeJong (2015) where changes in friction angle was obtained at different levels of
Vs. The increase in friction angle is also proportional to changes in the shear strength. According
to the results obtained from Zamani and Montoya (2017), improvement in undrained shear strength
of silty sand containing 15% silt was less than Nevada sand; therefore, increase in its friction angle
is implemented proportionally.
5.3.1 Result and discussion
An axisymmetric finite element model is created in both Seep/W and Sigma/W programs. The
transient analysis is performed by Seep/W to calculate the excess pore water pressures (Δu
generated through injection. A point injection method is used with 3 hours intervals so that the
whole injection process is finalized within 12 hours. The calculated Δu shows that the critical time
is at the end of each injection phase. Therefore, calculated Δu at end of each 3 hours is taken from
Seep/W as an input to Sigma/W to evaluate the deformations and possible failure.
The injection rates are increased at each elevation to obtain the maximum allowable injection rate
(Qall) without excessive deformation taking place at the surface (e.g. 1% shear strain). At the first
phase of injection (point 1), the injection rate is increased until the limit strain is reached at the
surface which determines failure. The second phase is to inject at point “2” for the next 3 hours,
and calculate the ΔU. The initial state of stress at the second phase is the state of stress by end of
the first phase of injection and the excess pore water pressure remained at end of injection is used
as the loading of Sigma/W program. The injection rate is increased for the second phase until
reaching the maximum possible value without excessive deformation taking place. This process is
continued until the maximum allowable injection rates are obtained. These series of analyses are
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performed for Nevada sand and with 15% silt content in their untreated and MICP treated states
and also for a 35% silt content specimen in its untreated state.
The permeability, strength and stiffness of the soil changes with applying MICP and precipitation
of calcium carbonate. Constant head permeability tests showed reduction of permeability with
precipitation of calcium carbonate. The strength and stiffness of the soil increases under MICP
treatment as a result of soil particles bonded together and reduction in void space (Whiffin et al
2007, DeJong et al 2010, Montoya et al 2013, Burbank et al 2013, Feng and Montoya 2015,
Montoya and DeJong 2015). The in situ application of MICP and its relevant strategies are a
function of the changes in soil properties.
5.3.1.1 Untreated injection rates and pressure heads
The Qall is calculated for the initial untreated state of soil considering its permeability, strength,
and stiffness. According to the results, the Qall is lower for silty sands compared to Nevada sand
[Table 5.5]. The F15U and F35U have lower permeability than F0U. The lower permeability
results in higher levels of excess pore water pressure head (Hp) [Table 5.6]. Therefore, to provide
stability in the silty sands through injections, a lower injection rate is required so that the level of
Hp is reduced. The Qall at injection point 1 for F35U is comparable to F15U but it reduces with one
order of magnitude for the higher level injection points. The lower permeability of F35U results
in a lower rate of excess pore pressure dissipation which can affect the injection rates at other
points. However at point 1, a higher effective stress can be a reason for the higher level of Qall.
5.3.1.2 MICP treated injection rates and pressure head
After MICP treatment, the strength properties of the soil improves so that it can resist higher levels
of Hp meanwhile the permeability of the soil decreases which produces higher levels of Hp. The
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level of permeability reduction and improvement in strength properties can affect the levels of
injection rates
Reduction in permeability results in an increase of pressure head with a constant injection rate.
Increased level of Hp can result in failure which is associated with fracturing of the soil. At this
point the pressure required for further injection drops which is an indication of fracture (Karol
2003). Occurrence of fracture must be prevented as the treatment solution will not be distributed
uniformly resulting in a non-uniform cementation.
The allowable injection rates of untreated soil is used in the MICP treated models to observe the
effect of changes in permeability and confined modulus. The resultant Hp is presented under (F0T)1
and (F15T) at 15 and 200 cm distance from injection points in Table 5.6. It must be noted that the
injection rates of F15T remains unchanged compared to F15U as presented in Table 5.5; therefore,
Hp for the treated 15% silty sand is only presented under F15T. The Hp has increased for both the
MICP treated Nevada sand and 15% silt content soil as a result of reduction in permeability.
However, increase in confined modulus (M) which is a reduction in the coefficient of volume
compressibility (mv), results in less pore water pressure generation. That means the soil matrix is
resistant to compression and less water is required to expel from the soil; therefore, less Hp is
generated. According to the results, the reduction in permeability is a leading factor on changes
in Hp compared to changes in mv. This result is for Vs = 400 m/sec and the extent of the effect of
each factor might change at higher levels of treatment.
The injection rates were increased for the MICP treated soil to obtain the Qall at each injection
point after treatment. The injection rates changed in case of F0T but remained constant for F15T
[Table 5.5]. Increased level of injection rates for F0T has increased the level of Hp without failure
taking place. The resultant Hp at 15 and 200 cm with the ultimate injection rates is presented in
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Table 5.6 under (F0T)2. In MICP treated Nevada sand, the improvement in strength and stiffness
overcome the change in Hp as a result of reduction in permeability. In addition, the higher level of
permeability for Nevada sand promotes faster excess pore water pressure dissipation.
Through the numerical analysis, the injection rates for silty sand with 15% silt, remained
unchanged after treatment up to Vs = 400 m/sec. The shear strength and stiffness properties of the
silty sand does not change proportional to Nevada sand which is a function of their difference in
fabric, structure and relative density (Zamani and Montoya 2017). According to the results, the
improved strength and stiffness of the soil cannot compensate increase in Hp above the values
presented in Table 5.6, so that the injection rates can be increased. It is worth mentioning that the
Qall obtained for the presented levels of improvement in both Nevada sand and the 15% silt content
soil can be different for higher levels of improvement with lower permeability values and
improved shear strength and stiffness.
The Hp is presented for two location, horizontal distance of 15 and 200 cm from the injection
points, in Table 5.6. The levels of Hp are lower when getting far from the injection points. The
ratio of Hp at 15 cm to 200 cm (I) is presented for all injection points in Figure 5.7. The “I” ratio
increases when moving to higher elevations which means close to the surface. The Hp values close
to injection points are predominantly affected by the injection pressures. However when getting
far from the injection point, the excess pore water pressure reduces. At locations close to the
surface, a higher rate of pore water pressure dissipation happens which results in a higher I factor.
In addition, the “I” factor is higher for MICP treated soil compared to its untreated state. That is
in part a function of changes in volume compressibility and permeability after MICP treatment.
The “I” factor is higher for the F15 compared to F0 and for F15T compared to F0T. The relative
permeability of the 15% silt content soil to Nevada sand promotes this difference where higher
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levels of Hp is observed close to the injection source. In this case, failure and fracture close to the
injection sources is at higher risk and much care should be taken to prevent this fact while applying
the method in situ.
5.3.1.3 Radius of treatment penetration
In any type of soil improvement method, such as chemical and cement grouting, evaluating the
treated area is a key factor for choosing the treatment method. If the treated zone in this study has
a shape close to a cylinder, with a length of 4m (counting for the lower and upper areas of the first
and last injection points) and knowing the total volume of treatment injected in the soil and void
ratio of the soil, the radius of treatment penetration can be calculated. A schematic view of the
treated zone is presented in Figure 5.8. The resulting values are presented in the last row of Table
5.5. The radius of treatment solution penetration has increased for Nevada sand after treatment
while this radius has remained unchanged for the 15% silt content after treatment. Therefore, with
increased level of treatment in Nevada sand and increased levels of the injection rates the treatment
solution can reach farther points in the soil.
The treated zone is smaller for the 15% silt content soil compared to Nevada sand. This conclusion
is for the level of treatment up to Vs around 400 m/sec and can possibly change at higher levels of
treatment.
The radius of treatment for the untreated 35% silt content soil is less than the 15% percent and
obtains an average of 0.28 m. This value is obtained for the length of 4 meters; however, the
injection rate at injection point 1 is higher and results in a larger zone of influence at this level.
The result for injection point 1 is similar to the soil with 15% silt content.
A longer treatment time can increase the radius of the treatment zone as more of the treatment
media is injected in the soil; however, the conversion rate of calcium carbonate and use of a
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suitable chemical recipe is a concern so that enough treatment can reach farther points in an
adequate amount of time. If the rate of calcium carbonate precipitation is high close to the injection
port, a higher cementation content is obtained at these areas and less concentration of the treatment
media is left for further distances. To reduce the time of treatment and achieving a more uniform
distribution of calcium carbonate, adding injection well is an appropriate alternative
5.4. Comparing MICP to other grouting methods
The conventional soil improvement techniques which are currently implemented to improve silty
sands consist of methods such as chemical grouting, microfine powder and microfine cement
grouting etc. (Karol 2003). In order to present MICP as a new and more productive option for soil
improvement, comparing its extent of improvement and additional benefits compared to the
conventional soil improvement method is essential. In a study performed by Shimada et al (2006),
the chemical grout penetration was evaluated through gravely sand (k=3x10-4 m/sec) and silty sand
(k=3x10-7m/sec). According to the results, the permeability of the soil controls the distribution of
chemical grout, and in the case of silty sand the chemical grout doesn’t penetrate to a far distance.
This conclusion is in agreement to the different radius of MICP treatment for sands and silty sand
obtained through numerical analysis in the present study. Brachman et al (2004) performed insitu
application of grouting on silty sands with 1% to 28% fines content, using microfine cement, micro
fine powder and sodium silicate grout. According to their results, the presence of solids in
microfine cement and powder prohibited a uniform distribution of the grout, and fracturing
happened during the injections. The sodium silicate grout worked properly with a uniform
distribution, however the extent of its distribution was about 0.9 m. This value is similar to the
calculated penetration radius obtained in the current study.
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In MICP implementation, the cementation time can be controlled by chemical concentrations
similar to chemical grouting but the viscosity of the treatment solution is similar to water without
solidifying effects. These differences can provide a more controlled and efficient treatment process
by MICP.
The numerical analysis is performed for an ideal state where the soil is treated uniformly but
according to the laboratory investigations performed in this study and also other studies (Feng and
Montoya 2015, Martinez et al. 2013), the cementation content is higher close to the injection point
and less moving farther. This fact is observed both in the case of biostimulation and
bioaugmentation (Gomez et al 2016). The non-uniformity of the calcium carbonate precipitation
requires further investigation by evaluating the chemical recipes and treatment strategies to obtain
a more uniform distribution of calcium carbonate in the soil medium. However, the permeability
of the soil in the presented tests is governed by the region with the highest calcium carbonate
concentration and the shear strength properties used were from the average cementation. Higher
Hp values close to the injection source can be resisted by the higher strength of soil at this area
providing more stability. Therefore, the soil properties used in the modeling provide a conservative
insight to the injection process.
The elastic modulus (E) is obtained from the loading phase of the DSS tests. However, the injection
through soil induces increases in excess pore water pressure and reduction in effective stress
resulting in an unloading condition. Therefore, the allowable injection rates obtained through the
analysis are conservative compared to the realistic state of the soil. An increased level of E in the
unloading state results in less deformation taking place which allows a higher injection rate without
an occurrence of failure at the surface.
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5.5. Conclusions
Recent earthquakes have shown that silty sands can experience significant consequences from
liquefaction. Silty sands have a lower permeability than clean sands which restricts an appropriate
application of conventional soil improvement methods. In this study, microbial induced calcium
carbonate precipitation is applied on fine sands and silty sands to observe their changes in
permeability through improvement. MICP results in lower permeability of the soil as a result of
calcium carbonate precipitation by reducing the volume of voids, meanwhile, the strength and
stiffness of the soil improves. Reduction in permeability changes the injection rate or pressure.
MICP is applied to clean Nevada sand and Nevada sand containing 15% silt content to detect the
changes in permeability through calcium carbonate precipitation. The soil specimens are treated
to different levels of Vs which is a proxy of the level of treatment. Constant head permeability tests
were performed on each soil after reaching the target Vs. The addition of 15% and 35% silt to
Nevada sand reduced its permeability by one and two orders of magnitude. Applying MICP to all
specimens resulted in a reduction of permeability. The relative permeability values for the Nevada
sand and 15% silt content specimens remained constant with increase in Vs. The calcium carbonate
contents were measured by acid washing techniques. The calcium carbonate distribution alters
with increase in Vs in Nevada sand which can be due to its larger pore throats and movement of
calcium carbonate through treatment. Higher levels of bacteria filtration is observed in Nevada
with 15% silt compared to Nevada sand.
Numerical analysis using Seep/W and Sigma/W program is used to detect the maximum allowable
injection rates at different elevations. The injection rate is an input to Seep/W program and the
resultant excess pore water pressures are used in Sigma/W to calculate the stress and strains.
Similar to the relative permeability values of the three type of soils, their allowable injection rates
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are generally reducing with order of magnitude. By applying MICP on Nevada sand up to Vs =
440 m/sec, the allowable injection rates increased; however, the allowable injection rates for the
Nevada sand with 15% silt specimen remained constant to a Vs= 400 m/sec. Both soil types have
improved in their shear strength and stiffness. The changes in strength properties of Nevada sand
can overcome the reduction in permeability and consequential increase in excess spore water
pressure. The Nevada sand with 15% silt shows improvement in shear strength, however, the
reduction in permeability results in higher excess pore water pressures which promotes failure.
The relevant changes in strength and permeability up to moderate levels of cementation results in
the same levels of allowable injection rates compared to the untreated state.
The radius of treatment is calculated for a cylindrical zone. The radius of treatment is higher for
Nevada sand compared to the 15% and 35% silt content soil. The radius of treatment increases for
Nevada sand but remains constant for the 15% silt content after MICP treatment up to Vs around
400 m/sec. These results can change at higher levels of treatment depending on the changes in
shear strength properties relative to changes in permeability.
The radius of the treatment zone is comparable to insitu application of chemical grouting; in
addition, through MICP application the viscosity of the treatment solution is similar to water and
remains constant through time. This fact makes MICP method more favorable for applying in situ.
Applying MICP requires further investigation on the injection rates for different type of soils,
changes of injection rate with improvement, chemical recipe and control on the rate of calcium
carbonate precipitation.
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Table 5.1 Sand and silt characteristics
Name

Nevada Sand

Silica Flour

USCS Classification

Uniformly graded

D50

0.13 mm

0.01mm

Cu

1.7

n/a

Cc

1.24

n/a

Gs

2.65

2.65

Mineralogy

Quartz

Quartz

Shape

Angular*

Sub-angular

Ground
silica

* - Shape based on evaluation by Mikola and Sitar (2013)

Table 5.2 Chemical recipes used for MICP treatment
Chemical

Biological phase

Cementation
phase

Urea

333 mM

333 mM

NH4Cl

374 mM

374 mM

CaCl2

--

50 mM
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Table 5.3 Shear wave velocity, calcium carbonate content and changes in void ratio

15% silt

Nevada Sand with

Nevada Sand

Soil Type Location

Top
Middle
Bottom
Top
middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom

Vs

Calcium

Average

(m/sec)

carbonate

Calcium

content%
1.21
1.66
1.83
1.63
2.47
2.46
3.95
3.12
4.38
3.95
5.10
7.30
0.94
1.62
2.96
2.33
2.84
5.54
4.05
5.16
6.33

carbonate
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337

440

531

150

400

550
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content
1.57 %

2.18

3.82

5.45

1.84

3.57
5.18

Table 5.4 Soil properties used in the numerical analysis
SEEP/W
Soil

Vs

Type

(m/sec)

k
(m/sec)

n

Sigma/W
M

E

(Mpa)

(Mpa)

φ

ν

γsat
(kN/m3)

F0U

70

5.23 x 10-5

0.415

2.25

1.80

32.5

0.27

19.25

F0T

440

2.65 x 10-5

0.393

7.00

5.40

36

0.29

20.00

F15U

50

4.47 x 10-6

0.415

4.30

2.80

32

0.27

19.25

F15T

400

2.45 x 10-6

0.394

6.10

4.30

34.5

0.29

20.00

F35U

40

3.00 x 10-7

0.415

2.90

2.30

33.5

0.27

19.25

Table 5.5 Allowable injection rates and radius of the treatment zone for different state of soil
Injection
point

F0U

F0T

F15U

F15T

F35U

Elevation (m)
Qx10-4 (m3/sec)

1

9

5.50

9.50

0.85

0.85

0.25

2

10

6.50

11.50

0.95

0.95

0.07

3

11

7.00

12.50

0.90

0.90

0.03

4

12

6.50

13.00

0.90

0.90

0.01

2.30

3.20

0.86

0.88

0.28*

Radius of treatment zone (m)

*This value is calculated based on an average on the length of 4 m, however, the injection rate was
higher at point 1 which makes a larger radius treated at the bottom compared to the upper levels.
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Table 5.6 Pressure head at two horizontal distances from the injection point for each state of soil
and injection rate
Injection

Elevation

point No.

(m)

Hp
F0U

(F0T)1*

(F0T)2*

F15U

F15T

F35U

At 15cm from injection point
1

9

10.76

15.07

21.67

14.16

20.87

38.72

2

10

10.65

15.75

24.03

14.21

21.78

15.13

3

11

10.11

15.63

24.78

12.08

19.17

8.52

4

12

8.73

13.89

24.79

11.89

19.2

4.66

At 200 cm from the injection point
1

9

6.44

6.71

7.34

6.59

7.00

6.55

2

10

5.33

5.96

6.67

5.73

6.28

5.60

3

11

4.56

5.05

5.86

4.74

5.26

4.39

4

12

3.60

3.96

4.97

3.73

4.35

3.30

*(F0T)1 refers to the state where injection rates were the same as F0U and (F0T)2 refers to the
state where injection rates were increased so that the maximum value was obtained for MICP
treated Nevada sand.
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Figure 5.1 Grain Size distribution of Nevada sand and Silt

Figure 5.2 Schematic view of Trautwein Constant Head Permeability testing setup
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Figure 5.3 Changes in permeability through application of MICP treatment

Figure 5.4 Calcium carbonate distribution in MICP treated specimens, The arrows are
showing the direction of biological injection “B” and cementation injection “C” a) Nevada
sand and b) Silty sand containing 15% silt
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Figure 5.5 Numerical model in SEEP/W program

Figure 5.6 Numerical model in SIGMA/W program
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Figure 5.7 Changes in ratio of Hp at a horizontal distance of 15 and 200 cm from the injection
points

Figure 5.8 Radius of treatment zone
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CHAPTER 6: CONTRIBUTION AND FUTURE WORK
The application of microbiological soil improvement methods has gained interest in the past
decade. Research has shown that this type of soil improvement has the potential to overcome some
deficiencies of the conventional soil improvement methods. Silty sands require remediation
specifically if located near the surface in a loose state. Silty sands have a lower permeability
compared to clean sands which restricts the application of conventional soil improvement methods.
Through this study, the application of microbial induced calcite precipitation on silty sands and its
potential for an efficient improvement of the soil is explored.
This study was performed on fine grain sand and silty sands at different levels of fines content
while the void ratio was kept constant. The MICP application continued until all specimens
reached a target shear wave velocity of 400 m/sec despite their different fines content. This
methodology allowed detecting the parameters affecting the shear response in a more systematic
observation. The change in fines content at a constant void ratio results in change in relative
density, intergranular and interfine voids ratios and also the fabric and structure governing the soil
behavior. The role of relative density in MICP treatment is similar to sand where at higher relative
densities, higher number of contact points exist which promotes a better distribution of calcium
carbonate and consequently a higher level of shear strength. The higher relative density in higher
range of fines content leads to a higher level of improvement in the shear response because of the
larger number of contact points. The interfine and intergranular void ratios both change with
increase in fines content and dictate the integrity of the cementation distribution which affects the
extent of improvement. The fabric governing the behavior of soil in the untreated state is
determined with the level of the interfine and intergranular void ratio’s and persists its effect after
applying MICP up to moderate levels of cementation.
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The cyclic response of silty sands is also affected by the governing fabric and structure. The
metastable structure of silty sands at low silt contents results in a highly liquefiable behavior. In
addition, at fines content where the behavior is governed by both silt and sand, more sensitivity to
cyclic loading is observed. As a result of applying MICP up to moderate levels of cementation, the
sensitivity to cyclic loading reduces for this range of silt content which results in a lower steepness
of the liquefaction resistance curves (CSR-N). The steepness of the CSR-N curve remains
relatively unchanged at low fines content with a metastable structure and cemented up to moderate
levels. The application of MICP to silty sands results in their higher resistance to cyclic loading so
that higher number of cycles are required to reach liquefaction. The effect of MICP is comparable
to natural sand showing similar parameters affecting the resultant behavior of the cementation and
aging processes. The cementation effect of MICP on the cyclic resistance of silty sands up to
moderate levels of cementation is comparable to the aging of mine tailing material for more than
30 years.
The permeability of both fine sand and silty sands decreases with applying MICP as expected. The
reduction in permeability is comparable between the silty sand with 15% silt content and the fine
grain sand. The distribution of calcium carbonate is different for the silty sand and sand which is
a function of their different fabric, pore throat area and rate of treatment media distribution. Silty
sands experiences more filtration of bacteria compared to sands and the distribution pattern of
cementation remains unchanged with progressive treatment.
The in situ injection process of MICP is a function of the permeability, strength and stiffness of
the soil. The injection rate should be chosen so that excessive deformation at the surface or fracture
does not take place. The maximum allowable injection rate can change or remain constant through
treatment depending on the improved level of strength and stiffness and also the level of reduction
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in permeability. Reduction in permeability results in increased levels of excess pore water pressure.
With applying MICP, the resistance to generated excess pore water pressure increases, but through
the injection process this improved resistance is counteracted by a reduction in permeability; which
promotes increased levels of pore water pressure. The soil is required to obtain enough strength
through treatment to resist the higher excess pore water pressure. Therefore, an insight to the
change in both permeability and strength is essential for an efficient application of the method
insitu.
For the future work of this study, several opportunities are explored:
-

One important fact is to assess the changes in behavior of the silty sand with applied MICP
at different level of treatment, different gradations and also void ratios. By that means, the
extent of the effect of fines content, fabric and structure on the MICP treated soil can be
explored.

-

The effect of skeleton and interfine void ratio on the change in strength properties of MICP
treated silty sand can be an interesting observation to detect the extent of their effect on the
soil behavior after applying MICP.

-

The difference in the behavior of MICP treated silty sand under rotational and constrained
direction of principle stresses requires further research to better understand the behavior
under each state of stress.

-

The changes in shear stiffness of silty sands as a result of MICP for different levels of silt
content, cementation and void ratio requires further investigation.

-

In addition to the improved liquefaction resistance, the consequences of liquefaction are of
importance. One of these consequences is the consolidation settlement of the soil with high
levels of excess pore water pressure. The effect of MICP on the deformation of liquefied
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silty sands at different levels of fines content is an important factor which requires further
investigation.
-

The application of MICP can be extended to improve the collapsible behavior of silty soils
which is at higher levels of fines content. The extent of required improvement to reduce
the collapsibility under undisturbed or compacted states is of interest. In addition observing
the important parameters that affect the behavior after treatment such as cementation bond
failure and suction can help understand the effect of treatment.

-

The change in injection rate and distribution of the treatment media at higher levels of
cementation is an interesting observation. The maximum extent of improvement with
regards to the injection rate, strength of the soil and permeability can be discussed to
explore the cost and feasibility of applying the method insitu.

-

Performing large scale tests on silty sand deposits to compare the injection scheme
including injection rates and excess spore water pressure with respect to the level of
treatment, to the results of the performed numerical analysis in the present study.

-

The effect of MICP on silty sands comparing the bio stimulation and bio augmentation
process is of interest. This observation can determine the possible rule out of the factors
that are speculated as an obstacle to apply this method insitu.

-

The chemical recipes and treatment scenarios for applying MICP to silty sands requires
additional investigation to prevent clogging and transfer the treatment media to farther
distances. This fact helps reduce the cost of treatment and labor, resulting in maximum
efficiency of the treatment process.
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