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a b s t r a c t

New, exciting opportunities for utilizing biological processes to modify the engineering properties of the
subsurface (e.g. strength, stiffness, permeability) have recently emerged. Enabled by interdisciplinary
research at the confluence of microbiology, geochemistry, and civil engineering, this new field has
the potential to meet society’s ever-expanding needs for innovative treatment processes that improve
soil supporting new and existing infrastructure. This paper first presents an overview of bio-mediated
improvement systems, identifying the primary components and interplay between different disciplines.
Geometric compatibility between soil and microbes that restricts the utility of different systems is iden-
tified. Focus is then narrowed to a specific system, namely bio-mediated calcite precipitation of sands.
Following an overview of the process, alternative biological processes for inducing calcite precipitation
round improvement
eotechnical engineering
alcite precipitation
icrobes
icrobial induced calcite precipitation

are identified and various microscopy techniques are used to assess how the pore space volume is altered
by calcite precipitation, the calcite precipitation is distributed spatially within the pore space, and the pre-
cipitated calcite degrades during loading. Non-destructive geophysical process monitoring techniques are
described and their utility explored. Next, the extent to which various soil engineering properties is iden-
tified through experimental examples. Potential advantages and envisioned applications of bio-mediated
soil improvement are identified. Finally, the primary challenges that lie ahead, namely optimization and
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upscaling of the processes

. Introduction

.1. Societal context

Population and civil infrastructure continue to expand at
nprecedented rates. The United States population of 304 million is
rowing at an annual rate of 0.9% and the American Society of Civil
ngineers estimates that a US$1.6 trillion investment in civil infras-
ructure is necessary (ASCE, 2006). Infrastructure demands are even

ore severe in other countries, particularly in India and China.
nfrastructure is insufficient in countries such as China, where 10

illion people immigrate to major cities each year. Population
rowth is particularly acute for historic cities and regions where

xpansion is limited by geographical boundaries and inadequate
oil conditions (e.g. Boston, New York, Los Angeles, Mumbai, Tokyo,
aiwan, Istanbul, Holland, Japan). Rehabilitation and expansion of
ivil infrastructure is required to meet ever-growing societal needs
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the education/training of researchers/practitioners are briefly discussed.
© 2009 Elsevier B.V. All rights reserved.

nd is directly limited by the availability of competent soils upon
hich they can be constructed.

Simultaneously, environmental conditions necessary to sup-
ort life are degrading, and are forecasted to continue to degrade
t increasing rates into the future. This is clearly highlighted by
he estimated sea level rise due to global warming (Cayan et al.,
008), which can be attributed in large part to the release of car-
on through the burning of fossil fuels. A large contributor to this
roblem is the manufacturing of cement, a material used perva-
ively in construction processes including ground improvement. As
result, there is a clear societal need for the technologies developed

o improve soil to be sustainable.

.2. Current soil improvement practice

The demand for new, sustainable methods to improve soil
ontinues to increase, with more than 40,000 soil improvement
rojects being performed per year at a total cost exceeding US$6

illion/year worldwide.

The majority of these soil improvement techniques uti-
ize mechanical energy and/or man-made materials, both of

hich required substantial energy for material production and/or
nstallation. A common approach is to inject synthetic man-made

http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
mailto:jdejong@ucdavis.edu
mailto:dcnelson@ucdavis.edu
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aterials, such as micro-fine cement, epoxy, acrylmide, pheno-
lasts, silicates, and polyurethane (Xanthakos et al., 1994; Karol,
003) into the pore space to bind soil particles together. This is
ccomplished using a variety of chemical, jetting, and permeation
routing techniques (e.g. http://www.haywardbaker.com). These
pproaches create environmental concerns and are increasingly
nder the scrutiny of public policy and opinion: all chemical grouts
xcept sodium silicate are toxic and/or hazardous (Karol, 2003). In
974, acrylamide grout was associated with five cases of water poi-
oning in Japan, resulting in the ban of nearly all chemical grouts
Karol, 2003). This reverberated in the US, with pending federal
egulations forcing the withdrawal of most products on the market.
ecent initiatives in certain countries propose to ban all synthetic
an-made grouting materials.

Furthermore, all current grouting injection approaches suffer
rom low “certainty of execution”, i.e., the ability to create the condi-
ions specified in the original engineering design in-situ. In general,
routing treatment methods are only effective up to 1–2 m from the
njection point, yet, quality control during construction is primarily
imited to monitoring the injection volume and pressure; no real-
ime measurements are made of the changes that actually occur in
he subsurface. The uncertainty in the final constructed condition
orces conservative over-design, resulting in unnecessary project
osts and excess quantities of grout consumed.

.3. Alternative solutions needed

The confluence of these factors necessitates the exploration and
evelopment of new alternative soil improvement methods and
ssociated reliable monitoring techniques. New exciting opportu-
ities for utilizing biological processes to mediate the improvement
f soil properties have recently emerged. These opportunities have

een enabled through interdisciplinary research at the confluence
f microbiology, geochemistry, and civil engineering. The field is
oung and many decades of exciting research lie ahead if current
deas are to be fully realized in practice and the needs of society

et.

t
p
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Fig. 1. Overview of bio-mediated soil improvement systems. ([−] = chemical concentr
eering 36 (2010) 197–210

With this context, the paper sets forth to present an overview
f bio-mediated soil improvement. First, a conceptual framework

s presented to provide an overview of the primary components
f bio-mediated soil improvement systems and to emphasize
he interdisciplinary nature of this field. Second, the geometric
ompatibility required between soil and microbes is considered.
he different aspects of bio-mediated soil improvement sys-
ems are then examined in greater detail. Focus is placed on
io-mediated calcite precipitation of sands since research for
his process is currently more advanced than the alternatives.
ollowing an overview of the bio-chemical process, alternative
iological processes for inducing calcite precipitation are identi-
ed and various microscopy techniques are used to assess how

he pore space volume is altered by calcite precipitation, how
he calcite precipitation is distributed spatially within the pore
pace, and how the precipitated calcite degrades during load-
ng. Non-destructive geophysical process monitoring techniques
re then described and their utility explored. Next, the extent
o which various soil engineering properties change is identi-
ed through experimental examples. The potential advantages
nd envisioned applications of bio-mediated soil improvement
re then identified. Finally, the primary challenges that lie ahead,
amely optimization and upscaling of the processes and the
ducation/training of researchers/practitioners are briefly dis-
ussed.

. Overview of bio-mediated soil improvement systems

A bio-mediated soil improvement system broadly refers to a
hemical reaction network that is managed and controlled within
oil through biological activity and whose byproducts alter the
ngineering properties of soil. An overview of these types of sys-

ems is presented schematically in Fig. 1. It is noted that similar
rocesses are being explored for in-situ immobilization of metal
ontaminants (e.g. Fujita et al., 2008) and restoration of masonry
tructures (de Muynck et al., 2008; Mastromei et al., 2008; Shen
nd Cheng, 2008).

ation, ˝ = resistivity, Vp = compression wave velocity, Vs = shear wave velocity).

http://www.haywardbaker.com/
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.1. Underlying chemical reaction networks

Central to these systems is a network of chemical reactions
hose byproducts have the potential to alter the engineering prop-

rties of soil. A majority of the chemical reactions identified to
ate can occur in solution in the absence of any biological activity.
xamples of the byproducts generated can be generally categorized

nto inorganic precipitation, organic precipitation, and gas gener-
tion. The byproducts produced by these chemical reactions are
hose required to improve soil properties. However, they are pro-
uced en masse nearly instantaneously and remain primarily in the
ore fluid. The chemical reaction occurs, but improvement of soil
roperties is not realized.

.2. Role of biological processes

Biological activity provides an ability to control and manage
he timing, rate, and spatial distribution of the chemical network
eaction, and hence the byproducts which improve soil properties.

hen bio-mediated, the chemical processes of inorganic precipi-
ation, organic precipitation, and gas generation can be considered
s biomineralization, biofilm formation, and biogas generation,
espectively. Biomineralization processes identified in the litera-
ure include production of magnetite, greigite, amorphous silica,
nd calcite (Kohnhauser, 2007).

The use of microbes to control and manage the chemical pro-
esses is attractive given their pervasive presence in the subsurface
nd the millennia over which they have been active. More than 109

ells per gram of soil exist in the top meter of soil (Whitman et al.,
998), and the population concentrations generally decrease with
epth. At 30 m depth, the lower limit of most soil improvement
ngineering applications, microbe concentrations of about 106 cells
er gram of soil can exist (Whitman et al., 1998). The numbers
f microbes that can be utilized for bio-mediation are numerous,
lthough individually they are very small.

Microbial organisms that have already been utilized in bio-
ediated soil improvement research are estimated to be more than

.5 billion years old (Madigan and Martinko, 2003), and the pro-
esses that are being controlled and managed have been active for
uch of this time (Kuo and Bolton, 2008).

In bio-mediated soil improvement, the bio-mediated chemical
eaction network is regulated to control the timing of the reaction.
his is enabled by the amendment of chemicals into the subsur-
ace. The microbial population in-situ is typically either stimulated
bio-stimulation) through the injection of nutrients or augmented
bio-augmentation) by the injection of additional microbes. In
ither case, the goal is to increase activity levels and/or concen-
rations of the microbial population to the level required to initiate
nd sustain a chemical reaction. Control of timing enables transport
nd spatial distribution of the microbes and chemicals through-
ut the soil. Microbial activity gradually alters the environmental
onditions – often in the form of increasing the pH – until the
nvironmental conditions required to initiate the chemical reac-
ion are reached. Once the chemical reaction network is triggered,
he desired rate of byproduct production (e.g. calcite precipitation)
s governed by the rate of microbial metabolic processes and/or the
vailable chemicals.

The improvement to soil properties is not realized, however,
nless the byproducts are spatially located in the specific region
f the soil matrix required to affect soil behavior. In the case of

io-mineralization, the inorganic precipitates that form at particle-
article contacts are the most important. The precipitates formed

n solution or on exposed particle surfaces do not (or negligibly)
ontribute to changes in strength, stiffness, and permeability. This
s also generally true for bio-films through organic precipitates in

s
f
i
l
l
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olution and on particle surfaces, which have a larger contribution
o changes in permeability. Finally, for biogas generation the bub-
les formed must be within a specific size range and uniformly
istributed within the pore fluid in order to significantly reduce
ore fluid compressibility.

.3. Process monitoring

Control and management of bio-mediated soil improvement
rocesses require real-time, nondestructive monitoring of chem-

cal, biological, and geotechnical components (indicated in Fig. 1
n italics beneath the respective header). With improvement of
oil properties being the primary objective, methods are needed
o determine how the byproducts of a given bio-mediated chem-
cal process are altering the soil properties. The three primary

ethods of geophysical measurements that can be utilized are the
hear wave velocity, compression wave velocity, and resistivity (the
nverse of conductivity). Since these methods induce very small
Santamarina et al., 2001) or no strain (the case for resistivity), the
oil and treatment process is undisturbed by the measurements
discussed subsequently in this paper).

The state of the biological and chemical components is inti-
ately linked. The biological component can primarily be captured

y monitoring the microbial concentration, activity state, activity
otential, biomass, and nutrient concentrations. The chemical com-
onent can primarily be captured by monitoring the pH, chemical
oncentrations, and conductivity. The experimental methods used
o assess these components are generally well established in the
espective fields (Madigan and Martinko, 2003) but do require dis-
rete (often pore fluid) samples to be obtained and subsequent tests
erformed on them. Consequently, real-time information is not
ttainable, labor is intensive, and potentially destructive invasive
ampling is required.

Process monitoring of select chemical, biological, and geotech-
ical parameters is necessary to develop a full understanding of a
iven bio-mediated process. Of these measurements, the geophysi-
al methods are arguably the most important as only they provide a
irect indication of how the properties of the soil are being altered.

.4. Improvement of engineering properties of soils

The improvement of engineering soil properties may vary
idely between different bio-mediated treatment methods. The

rimary properties that can realize a 10-fold change or more
nclude permeability, stiffness, compressibility, shear strength, and
olumetric behavior. Changes in these properties of this order pro-
ide numerous possibilities for application.

In all cases, the potential extent of how a given bio-mediated
reatment method may improve the engineering soil properties
an be reasonably estimated through analytical analysis and/or
xamination of previously researched non-biomediated treatment
ethods. As an example, the potential increase in shear strength

f sands from bio-mediated calcite precipitation will be similar to
revious studies examining the use of gypsum, cement, CIPS (cal-
ite in-situ precipitation system, Ismail et al., 1999a), and epoxy to
mprove soils (Neelands and James, 1963; Acar and El-Tahir, 1986;
vorkin and Nur, 1996; Ismail et al., 1999a,b, 2001; Avseth et al.,
000; Sharma and Fahey, 2003). Consequently, the primary ques-
ample can be improved. Instead the primary questions lie at the
undamental science and micron length scale level–How does this
mprovement occur?–and at the field performance level–How can a
arge zone of soil be treated uniformly? How long will the treatment
ast?
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ig. 2. Comparison of typical sizes of soil particles and bacteria, geometric limitatio
antamarina, 2005).

.5. Upscaling for field treatment

Upscaling a bio-mediated soil improvement method from the
ench scale to the field scale requires an understanding of science
nd engineering from the fundamental level (process at a single
article-particle contact) through the system performance level
field application). Development of a system model based on first
rinciples is critical to successful upscaling.

The two primary concerns for upscaling of a ground improve-
ent method are the ability to uniformly treat a large zone of soil

nd ensuring the permanence of the treated soil. These respectively

ink to the “certainty of execution” during treatment and “health

onitoring” throughout the service life of the treated soil. Fun-
amental science and engineering can enable optimization of a
reatment process for attaining maximum uniformity and under-
tanding of possible degradation mechanisms that may shorten the

3

c
s

Fig. 3. Overview of bio-mediated calci
d approximate limits of various treatment methods. (extended from Mitchell and

ervice life of the treated soil. However, soil deposits as well as
heir chemical and biological constituents are highly complex liv-
ng systems that cannot be fully captured in any model. As a result,

onitoring during treatment and throughout the service life of a
reated soil zone is necessary. Secondary concerns and challenges
nclude, but are not limited to, reducing treatment duration, recir-
ulation of injection media, stimulation of indigenous microbial
opulation, maximizing nutrient transport distance, and minimiz-

ng undesired residual byproducts from microbial metabolism (i.e.,
mmonium).
. Microbe-soil size compatibility

Central to the issue of treatment uniformity is the geometric
ompatibility between the microbes (either native or augmented
pecies) and the soil in which they are injected. The relatively small

te precipitation using ureolysis.
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ig. 4. Possible alternative bio-mediated processes to create supersaturated conditio

ize of microbes, typically between 0.5 and 3 �m (Madigan and
artinko, 2003), is advantageous. Soil particles cover a broad range

n size, with a primary differentiation being made between “coarse”
nd “fine” grained soils at 75 �m particle size (Fig. 2). As a result,
icrobes are capable of travelling through many soil types.

The primary restriction on microbial transport is the size of pore
hroats within the soil matrix through which the microbes must
ass as they move from one pore space to another (Mitchell and
antamarina, 2005). The size of the pore throat is dependent on
he smaller fraction of particles in soil, and can be estimated as
0% of the soil particle size that corresponds to 10% passing in a
echanical sieve analysis (Holtz and Kovacs, 1981). This provides

n approximate lower bound limit on treatment by in-situ injec-
ion which depends on the particle size relative to the microbe size
Fig. 2). However, ex-situ mixing of microbes and nutrients with
oil may extend the range of soils amenable to treatment into pure
lays. The upper bound for effective treatment depends primarily
n the fraction of microbes acting at particle–particle contacts.

In addition to considering the geometric compatibility before
he desired chemical reaction is triggered and byproducts are pro-
uced, it is also necessary to consider how an aggregation of
yproduct (inorganic precipitate), potentially including the facil-

tating microbes, may be able to migrate through treated soil. This
equires estimation of the aggregate size as well as the reduction
n pore throat size due to accumulation of precipitation around
he pore throat and growth/degradation of microbial communi-
ies.

Based on these geometric limitations and published research,
pproximate application limits have been observed (solid lines in
ig. 2) and a broader range is possible. As evident, biomineraliza-
ion appears applicable to the broadest range of soils, but this may
e due in part to these systems being the primary focus of research
tudies to date. Biofilms have successfully formed in sand and in
oarse gravels (Perkins et al., 2000; Rowe, 2005) in engineered
ystems.

. Bio-mediated calcite precipitation

The precipitation of calcite uniformly within soils through a pro-
ess in which biological activity is used to elevate the pH in order

o create supersaturated conditions is the treatment process which
o date has been the focus of most studies (DeJong et al., 2006;

hiffin et al., 2007; Harkes et al., 2008). The process in which ure-
lysis is the chemical reaction used to increase the pH level is shown
chematically in Fig. 3.

t
l
c
r
i

uired for calcite precipitation. Gibbs free energy computed for standard conditions.

.1. Bio-geo-chem reaction network

Metabolic activity of Sporosarcina pasteurrii, an alkalophilic soil
acterium with a highly active urease enzyme (Ferris et al., 1996),
onsumes urea within the microbe, decomposing it into ammonia
NH3) and carbon dioxide (CO2). These chemicals diffuse through
he cell wall of the gram positive microbe and into the surround-
ng solution. Two reactions spontaneously occur in the presence
f water; ammonia is converted to ammonium (NH4

+) and carbon
ioxide equilibrates in a pH-dependent manner with carbonic acid,
arbonate and bicarbonate ions. The net increase in pH is due to
ydroxyl ions (OH−) generated from the production of NH4

+ which
xceeds the available Ca2+ for calcite precipitation (Fig. 3). This
rovides the alkaline environment and carbonate required for the
recipitation of calcite (CaCO3). The negatively charged bacterial
ell is attracted to the soil particle surface due to a higher concen-
ration of nutrients adjacent to surfaces (Hall-Stoodley et al., 2004)
n addition to the physicochemical properties of both the bacterial
ell and soil particle (Falk and Wuertz, 2007; Oliveira et al., 2003;
ouwer et al., 2000).

.2. Alternative biological processes for inducing calcite
recipitation

Identification of alternative biological processes that can
ncrease the pH and create the supersaturated conditions necessary
or calcite precipitation may be desirable due to the potential of nat-
ral soil microbial communities’ efficiency for alternative reaction
etworks.

The primary alternative processes, namely denitrification, iron
eduction, and sulfate reduction, are outlined in Fig. 4. Each reaction
s configured for the consumption of acetate. The Gibbs free energy
or each reaction is computed for standard conditions (T = 25 ◦C,
= 1 atm, [C] = 1 M). The equations are arranged in the hierarchy of

ubsequent electron acceptors used in nature, the same sequence
n which these various mechanisms would engage given that all
lectron acceptors are present.

Predominance of these various mechanisms depends on their
ssociated reaction’s propensity to occur in the environment. This
s quantified by the change in free energy of the overlying reac-

ion (Morel and Hering, 1993). Ureolysis will be predominant as
ong as urea exists in the system. As seen in Fig. 4, the computed
hange in free energy at standard conditions for urea hydrolysis is
elatively low as compared to other processes. Ureolysis is predom-
nant in a manipulated soil amongst others because the reaction
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Fig. 5. SEM images of calcite deposition and microbial habitat.
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calcite coats the open/exposed surfaces of particles relatively
uniformly and there is a greater concentration of calcite at the
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ig. 6. SEM elemental mapping of silica sand particles, precipitated calcite, and pore
ray scale in each image denotes respective element concentration) (adapted from

hanges the environmental conditions of a system (i.e. increase
n pH), which inhibits other competitive processes (Pikuta et al.,
007). Furthermore, introduction of the Sporosarcina-urea mixture
oes not include an oxidizable organic carbon source (e.g. acetate)
equired to drive the alternative processes. The challenge lies in
he production of ammonia gas and how it might affect the cycling
f nitrogen. If oxygen is present outside the zone of maximum
iocementation, it will contact ammonia as it diffuses away from
he area of urea depletion and result in substantial production of
itrate, i.e. nitrification. If an oxidizable carbon source is also intro-
uced, denitrification would then be expected to dominate due to

ts highly negative free energy change (Fig. 4). This process is largely
naerobic and thus could possibly be advantageous for inducing
his reaction at greater depths. One challenge would be control-
ing the output of carbon dioxide since for every mole of acetate
his reaction produces twice as much CO2(g). Denitrification would
ominate until nitrate was depleted (i.e. with greater depths in
nvironmental systems). At this point, iron may be the predomi-
ant electron acceptor for microbial anaerobic respiration. Because
olid iron oxyhydroxides are expected to be the dominant form
f oxidized iron in soils, the remarkable ability of this bacterial
roup to employ a solid as a biological oxidant necessitates con-
act between bacteria and particles, which is attractive for initiating
iocementation. Once iron(III) is depleted, sulfate reducing systems
ay prevail. Sulfate reduction is the least energetically favorable of

hese processes, but the electron uptake capacity based on sulfate

an be substantially greater than for Fe(III) if soils are substantially
nfluenced by seawater (Schink, 1999).

Researchers are beginning to examine these alternative mech-
nisms (e.g. Karatas et al., 2008; van Paassen et al., 2008a). The
rimary disadvantage/challenges of these alternative processes are

p
i
c
p
t

able 1
hange in phase relationship properties due to calcite precipitation.

reatment condition Initial void ratio Vcalcite Vv-initial (%) Final vo

ntreated – emax 0.87 – –
ntreated–40% Dr 0.74 – –
ightly cemented 0.74 6 0.67
eavily cemented 0.74 17 0.55
ntreated –emin 0.55 – –
(highlighted by carbon due to pore space being infilled with expoy). (Note: Lighter
g et al., 2006).

he slower rate at which supersaturated conditions can be created
nd sustained. However, these issues may still be outweighed by
he relatively innocuous byproducts produced. It is also noted that
econdary benefits may be realized. As an example, a fortunate
yproduct of denitrification may be gas generation, which could
educe the saturation level (and reduce liquefaction potential, for
xample).

. Spatial distribution of calcite within treated soil

The effectiveness of a bio-mediated treatment technique is
irectly dependent on the spatial distribution of the byproduct (i.e.
alcite). Of particular interest is the percentage of byproduct pro-
uced that contributes to the binding of sand particles together and
ow the binding of particles degrades with loading.

.1. SEM microscopy

Results from scanning electron microscopy (SEM), as shown in
ig. 5, provide clear images of two particles that remain bonded
fter dissection of a laboratory specimen. Examining the image
equence in order of increasing magnification, the precipitated
article–particle contacts. Examination of the highest resolution
mage reveals impressions of the microbes within the precipitated
alcite. Elemental SEM scanning of treated sand specimens pre-
ared by epoxy impregnation and surface polishing clearly reveal
he silica particles and the precipitated calcite phases (Fig. 6).

id ratio Relative density (%) Shear wave velocity @ 100 Kpa (m/s)

0 160
40 180
63 ∼350

100 ∼1000
100 210
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tatively appeared to be greater in compression and shear loading
modes). These observations maybe expected (based on the middle
images of Fig. 5 for example) which indicates that the calcite aggre-
gates form a rather heterogeneous structure that is weak relative
to the silica particles.
Fig. 7. Illustration of calcite distribution alternatives within pore space.

.2. Alteration of pore space

The precipitation of calcite results in a decrease in the pore space
nd an increase in the solids content. The alteration of these phases
an be captured through quantitative analysis of SEM images sim-
lar to those presented in Fig. 6a, but at a lower magnification such
hat more than 200 particles are captured in a single image. Images
f untreated specimens, specimens treated to a moderate level of
ementation, and specimens treated to a higher level of cemen-
ation were analyzed. All specimens are of Ottawa 50–70 sand
D50 = 0.12 mm, Cu = 1.6, Cc = 0.8, Gs = 2.65) prepared to a “loose” ini-
ial state at a void ratio of 0.74 (Table 1). This corresponds to an
nitial relative density of 40% given a minimum void ratio of 0.55
100% relative density) and a maximum void ratio of 0.87 (0% rela-
ive density).

Bio-treatment resulted in 6% and 17% of the initial void space
prior to treatment) being filled with precipitated calcite for the

oderately and heavily treated specimens (Table 1). This effec-
ively reduced the void ratio (porosity, n = e/1 + e) from 0.74 down
o 0.67 and 0.55, respectively. The relative density correspondingly
ncreased to 63% and 100% with respect to the untreated mini-

um and maximum void ratios. The effective densification of the
oil alone (ignoring all the additional benefits of particle–particle
ementation, increased particle angularity, etc.) provides signifi-
ant improvement to soil properties in terms of increased shear
trength, reduced compressibility, reduced permeability, and a
hange from contractive to dilative volumetric behavior (at the test
tress level of 100 kPa).

.3. Distribution of calcite within pore space

The reduction in void space (porosity) provides insight into the
hange in global properties, but as mentioned before, the calcite
istribution within the pore space at the particle level (mm scale)

s critical. Fig. 7 provides schematics of the two extreme possibilities
f how calcite may be distributed around soil particles. “Uniform”
istribution indicates the calcite precipitated at an equal thick-
ess around soil particles. Consequently, the bonding between the
wo particles by calcite is relatively small, and as a result insignif-
cant changes to soil properties (aside from those discussed in the
revious section regarding soil densification) may be expected.
Preferential” distribution indicates the calcite precipitated only at
article-particle contacts. This is the desired engineered spatial dis-

ribution as all calcite directly contributes to the improvement in
oil properties.

Bio-geo-chemical processes do not naturally optimize for soil
ngineering properties. Therefore the “preferential” distribution is
nrealistic. Fortunately, the “uniform” distribution (highly ineffi-
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ient from an engineering perspective) is also unrealistic. Analysis
f SEM (Figs. 5 and 6) and X-ray computed tomography images con-
istently reveal that the “actual” distribution of precipitated calcite
Fig. 7) is a balance of these two extreme conditions. Importantly
rom the soil improvement perspective is that a significant portion
f the calcite is in the vicinity of the particle–particle contacts.

The spatial distribution of calcite is governed by biological
ehavior and filtering processes. Microbes have a general prefer-
nce to remain away from exposed particle surfaces and instead
refer positioning themselves in smaller surface features, such as
ear particle–particle contacts. This preference is due to reduced
hear stresses and a greater availability of nutrients at the grain
ontacts. A greater concentration of microbes near the particle-
article contacts directly results in increased calcite precipitation

n the region. In addition to these biological preferences, filtering
straining) processes may also contribute. Calcite precipitated in
he pore fluid or precipitated elsewhere on particle surfaces but
ubsequently released and suspended within the pore fluid will
ave a tendency to become (re-) attached near particle-particle
ontacts as the pore fluid flows through the surrounding pore throat
i.e. the smallest pore space that connects two larger pore cavi-
ies). Filtering processes are highly dependent on the relative size of
he suspended calcite and the pore space (Valdés and Santamarina,
005), and therefore this effect will become more significant as the
xtent of precipitation increases (the pore throat space decreases).

.4. Failure mechanisms of calcite due to shearing/loading

After calcite binds particles together at their contacts during
he initial treatment phase, the performance of the binding under
oading (i.e. shear, compression, and tension loading during the
onstruction and service life of a project) is of interest.

Two simplified alternatives of how the calcite binding silica
articles may fail are shown schematically in Fig. 8. Under shear,
ension, and compression loading a fracture may occur within the
recipitated calcite (“calcite-calcite” in Fig. 8) or between the pre-
ipitated calcite and silica sand (“calcite-silica” in Fig. 8). A series
f SEM and X-ray computed tomography images of the fracture
lanes of specimens subjected to one of the three modes of loading
ere examined. Images consistently revealed that a layer of calcite

emained on both surfaces of silica sand particles where a particle
ontact once was. The generation of small particles (fines content)
n the form of precipitated calcite was also noticeable (and quali-
ig. 8. Illustration of calcite failure mechanism alternatives of calcite due to com-
ression and/or shearing.
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Table 2
Overview of process monitoring methods for non-destructive detection of improvements to soil matr from bio-mediated processes.

Monitoring technique Fundamental relationships Primary soil properties affecting measurement Primary measurement methods

Shear wave velocity (Vs) Vs = (G/�)1/2 G = shear modulus,
� = density

Particle-particle contact stiffness,
particle stiffness, soil density, confining
stress, degree of saturation (especially
as fines content increases)

Laboratory: piezoceramic bender
elements, resonant column field:
seismic CPT, cross-hole, downhole

Compression wave velocity (Vp) Vp = ((B + 4/3G)/�)1/2 G = shear
modulus, � = density, B = bulk modulus

Bulk modulus of the pore fluid, degree
of saturation, porosity, bulk modulus of
material comprising grains

Laboratory: ultrasonic transducers,
piezoceramics Field: Seismic
reflection/refraction, Surface analysis
of spectral waves

Resistivity (˝) ˝ = ε/J ε = electric field, J = current Volume fractions of particles and voids,
rticle
id che
rticle
uratio

Laboratory & Field: Wenner and
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. Non-destructive geophysical process monitoring

Geophysical measurements are invaluable in bio-mediated soil
mprovement treatments as they serve as the “interdisciplinary
anguage” capturing in real-time how the biological and chemi-
al components are altering the soil engineering properties. These
rocesses measure the treatment impact on the soil matrix and cor-
elate reasonably with other engineering properties. Shear wave
elocity, compression wave velocity, and resistivity (the inverse of
onductivity) are the three primary geophysical methods of use.

.1. Resistivity

Resistivity (or conductivity) provides a measure of the voltage
otential gradient through a soil matrix when an electrical current

s induced across a soil specimen. Soil resistivity is dependent on
he volume fractions comprised of particles and voids, the min-
ral composition of the particles, and the chemical composition of
he pore fluid as well as soil particle specific surface area, degree
f saturation, and soil fabric anisotropy (Table 2). In the case of
io-treatment, the volume fraction and composition of the third
oil phase (e.g. precipitated calcite) also influences the resistivity
s it differs from the particle and fluid characteristics and coats
he particles. Resistivity measurements have been utilized to detect
ariations in soil density (Li et al., 2005), soil compression, changes
n pore fluid composition (Klein and Santamarina, 2003), and bio-
ogical activity (Snieder et al., 2005). When implemented with two
nd three dimensional sensor arrays, electrical resistivity tomogra-
hy (ERT) has been used to track displacements and deformations
ithin soil (Li et al., 2005), the extent of soil improvement, the
igration of contaminant/chemical plumes, and the progress of

assive bio-remediation methods (Williams et al., 2005). The use
f resistivity for monitoring bio-mediated soil improvement (e.g.
alcite precipitation) has been studied minimally, in part because
hanges to all (or nearly all) of the variables stated above during
reatment and therefore it is difficult to separate out the bene-
ts actually realized in the soil matrix (the engineering objective)

rom the different stages of the chemical and biological systems
the process).

.2. Compression waves

The propagation of elastic waves through soil occurs at very
mall stain levels (Santamarina et al., 2001) in two primary propa-

ation modes. The first mode, the compression wave, corresponds
o compression and dilation of the material parallel to the direc-
ion of propagation. Compression waves (P-waves) travel effectively
hrough solids (e.g. rock, soil particles) and fluids (e.g. pore fluid),
nd are dependent on the bulk stiffness (B) and the shear stiff-

g
i
o
d
a

mineral composition, pore
mical composition, soil
specific surface area, degree of
n, soil fabric anisotropy

Schlumberger arrays deployed on
surface or within in-situ probes (e.g.
CPT)

ess (G) (Table 2). In single phase materials (including bonded
ulti-phase materials that can be reasonably modeled as a contin-

um), such as rock, concrete, etc., the P-wave velocity is generally
arger than 2500 m/s and can be up to 6000 m/s. In multi-phase
particulate-pore space) systems (including unbounded and lightly
onded multi-phase materials), such as cohesionless and lightly
emented soil – the materials that would be candidates for bio-
ediated soil improvement – the P-wave velocity is primarily

ependent on the porosity, the fluid bulk stiffness, and the mate-
ial comprising the soil particles. However, it is not sensitive to the
hear stiffness of the soil matrix. The P-wave velocity of water is
bout 1500 m/s. When a soil is 100% saturated (i.e. no air bubbles)
he P-wave velocity through soils is nearly equal to that of water. As
he degree of saturation decreases (from bubbles forming from air
njection or gas generation from a chemical or biological process)
he P-wave velocity decreases rapidly down to about 500 m/s as the
aturation is decreased to 99% and then continues degrading to a
alue of about 200 m/s dry sand. This is because the presence of
ir/gas bubbles in the pore fluid has substantially increased the soil
ompressibility. The properties of the particle matrix (i.e. density,
article coordination number, stress level, etc. which all affect the
article matrix compressibility) have a secondary influence on the
-wave velocity. As a result, the use of P-wave velocity is excellent
or detecting changes in pore fluid compressibility such as due to
io-mediated gas generation for reduction in liquefaction potential
Ishihara et al., 1998) and improvements due to cementation when
ufficient cementation exists such that the compression velocity
hrough the cemented soil matrix is greater than 1500 m/s. How-
ver, P-wave velocity in unbounded and lightly cemented soils does
ot correlate directly with strength unless the soil matrix maintains
constant saturation level and/or until sufficient cementation has
ccurred such that the particle matrix compressibility significantly
xceeds that of water.

.3. Shear waves

Shear waves (S-waves), the second mode of propagation, in
hich the direction of particle motion is perpendicular to the

irection of propagation requires the material to have shear stiff-
ess (G > 0) (Santamarina et al., 2001). Therefore shear waves do
ot propagate through fluids. This is advantageous when monitor-

ng changes to the particle soil matrix since the measured shear
ave velocity is largely unaffected by the pore fluid composition

the exception to this case is when large matrix suction forces

enerated by very low saturation increase the effective confin-
ng stress at particle-particle contacts). The shear wave velocity
f unbounded materials (cohesionless soils such as sands) is then
irectly dependent on the void ratio, coordination number (aver-
ge number of surrounding particles a given particle is in contact
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ig. 9. Schematic (a) and experimental data (b) exemplifying the stages of discrete b
elocity as measured by bender elements.

ith), and confining stress. Cementation, or binding, between parti-
les also directly influences the shear stiffness. Shear wave velocity
as broad utility for monitoring bio-mediated methods in which
he soil is improved through cementation between particles (Bian
t al., 2008; Brandenberg, 2008). S-waves can accurately capture
he initial untreated soil conditions as well as treatment impact
n the actual soil. For the bio-mediated calcite precipitation pro-
ess the shear wave velocity only captures the precipitated calcite
ctive in binding soil particles together. It is not influenced by cal-
ite suspended in the pore fluid or attached to the open particle
urfaces.

.4. Measurements with shear and compression waves

Measurement of shear and compression waves can be easily
ade in the laboratory and in the field, lending themselves to use

uring upscaling of a bio-treatment process from the laboratory
o the field. Technologies have already been developed across all
elevant length scales. In the laboratory piezoceramic bender ele-

ents can be installed for S- or P- wave measurements in most
evices (e.g. Pennington et al., 1997; Santamarina et al., 2001) while
ther devices are designed specifically for S- and P- wave measure-
ents (e.g. resonant column). A pair of bender elements, separated

cross a soil specimen at a known spacing, is used to generate
nd sense an elastic wave as it travels through the soil. The time
elay between wave generation and sensing along with the known
pacing is used to directly measure the shear wave velocity. Ultra-
onic transducers can also be used for P-wave measurements (Lee
nd Santamarina, 2005). At the field scale, downhole (ASTM D7400
007) and crosshole (ASTM D4428 2007) systems as well as the
eismic cone penetration test (SCPTu, ASTM D5778 2007) can be
mployed in the field for direct measurement. All of these systems,
oth laboratory and field, can be configured in two- and three-
imensional arrays for spatial mapping of changes in soil properties
Lee et al., 2005).
.5. Example of shear wave velocity monitoring during
io-treatment

An example of utilizing shear wave velocity measurements in
he laboratory using bender elements is presented in Fig. 9. As

t
h
b
m
s

mentation treatment injections into sand and the associated changes in shear wave

escribed in further detail by DeJong et al. (2006), a shear wave
sine wave with 10 V amplitude and frequency of 10 kHz) is gen-
rated by a parallel poled transmitting bender element. This wave
ravels through the soil specimen across a known distance to the
eries poled receiving bender element, and the time delay between
he sending and received wave is determined using an oscilloscope.
he shear wave velocity is then determined as the separation dis-
ance divided by the time delay. The measurement is immediate
nd performed as desired throughout testing.

A generalized trend of how shear wave velocity will detect the
ementation of soil particles using bio-mediated calcite precipita-
ion is shown schematically in Fig. 9a. The process shown is for a
equence of discrete treatment injections (as opposed to continu-
us pumping). For each injection the shear wave velocity remains
onstant as the pore fluid is replaced with fresh medium. After
njection the biological activity gradually raises the pH to a level

here calcite precipitation occurs. The initiation of calcite pre-
ipitation at particle-particle contacts is detected with an initial
ncrease in shear wave velocity. The velocity continues to increase
ntil some limiting condition is reached, such as no additional cal-
ite is available in solution. The velocity then remains constant until
subsequent injection occurs and the process is repeated. Experi-
ental results of this process are shown in Fig. 9b, with each vertical

rrow indicating an additional discrete injection.
The direct mapping of the cementation quality with shear

ave velocity would be equally effective in a continuous injection
rocess. Furthermore, it is also useful for mapping the spatial uni-

ormity of bio-treatment, the stability of the treatment over time,
nd the degradation of the treatment due to treated soil failing upon
oading (shown subsequently).

. Improvement of engineering properties of soils

Bio-mediated treatment techniques can result in the improve-
ent of a variety of soil properties including permeability, stiffness,

ompressibility, shear strength, and volumetric behavior. As men-

ioned, the potential improvement a given treatment method could
ave on engineering properties can often be reasonably estimated
ased on data in existing literature of conventional (non-bio-
ediated) treatment methods that induce similar changes to the

oil matrix. For the bio-mediated calcite precipitation treatment
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Fig. 10. Illustration of impact of calcite p

ethod, prior studies on cementation agents (e.g. epoxies, cement,
ypsum, CIPS) provide clear insight.

.1. Permeability

The formation of calcite precipitation near particle-particle
ontacts reduces the pore throats and restricts water flow. Experi-
entally, Ferris et al. (1996) observed a reduction in permeability

rom 15% to 20% of the initial permeability and Whiffin et al. (2007)
imilarly observed a reduction in permeability from 22% to 75%
f the initial permeability. However, it is conceivable that the per-
eability could be reduced further with additional treatment. In

xperimentation it should be recognized that permeability may not
e uniform across treated specimens, with a general tendency of
reater reduction in permeability occurring closer to the injection
ource.

.2. Stiffness

The stiffness increase induced by bio-mediated calcite precipita-
ion can effectively be captured throughout treatment using bender
lements as shown previously in Fig. 9. Subsequent experiments
ave shown increases in the shear wave velocity to more than
200 m/s. For context, this corresponds to “rock” according to the
ational Earthquake Hazards Reduction Program (NEHRP, 2003)

ite classification index based on shear wave velocity that is used
n the United States to screen for potentially liquefiable soils. This
eneral range of increase is consistent with those observed for non-
io-mediated treatment methods as documented by Santamarina
t al. (2001) and Brandenberg (2008).

.3. Shear strength and volumetric response
The improved response of loose sand treated with bio-mediated
alcite precipitation to undrained shearing occurs from two effects

densification and cementation – as outlined schematically in
ig. 10. The behavior of untreated loose sand subjected to undrained

s
r

t
s

itation on shear response of loose sand.

onotonic triaxial shearing begins with an initial void ratio (einitial)
nd mean effective stress acting on the particle matrix (p’) that
xists above the critical state line (CSL; which corresponds to
nique combinations of void ratio and mean stress at which soil
an shear without changing in volume) (Wood, 1996). As a result,
uring undrained shear (no volume change allowed and void ratio
ust stay constant) the pore fluid will carry an increasing portion

f the applied load (q) and the mean effective stress will decrease
ntil the specimen reaches the critical state line (CSL). This decrease

n mean stress effectively results in sand collapse and relatively
mall mobilized shear strength (correlated to the applied devia-
or stress, q) when the failure envelope (with slope of M where

= (6sin�)/(3 − sin�) and � = tan−1 � where � is the coefficient of
riction) is reached.

The densification of soil alone (not considering any of the bind-
ng/cementation effects created by the calcite) can significantly
lter soil behavior. As documented in Table 1, precipitated calcite
educes the void ratio (from einiital to etreated in Fig. 10). This den-
ification can result in the soil conditions being below the critical
tate line. Upon undrained shearing the mean stress will increase
ntil the critical state line is reached due to the propensity of soil
o dilate. It is noted that the critical state line itself is shifted (from
SL to CSL* in Fig. 10) due to the calcite changing the particle prop-
rties (e.g. shape) and gradation. The extent and direction the CSL
hift is unknown, but may be slightly upward (Cho et al., 2006). Due
o localization (bifurcation) during shearing, the critical state line
s often temporarily exceeded before stabilizing back on the criti-
al state line. This results in a substantial increase in strength (as
videnced in p’-q space) to a peak resistance before the resistance
hen decreases until the failure envelope is reached (Fig. 10). The
ailure envelope reached (line with slope M*) is greater than that
or the untreated soil (line with slope M) since the increased den-

ity and particle angularity (from precipitated calcite) increases the
esistance to shearing.

Cementation of particles together by calcite precipitation fur-
her increases soil strength. The cementation increases the initial
tiffness of soil at small strains and the maximum deviatoric stress
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Fig. 11. Experimental data from undrained triaxial

q) that can be applied before the specimen begins to yield. This
s revealed in a more rapid increase in shear resistance (q) as the

ean stress (p’) increases, and a greater overall shear resistance
q) (Fig. 10). As the maximum shear resistance is reached, localized
hearing and breakage of calcite cementation at particle-particle

ontacts initiates (usually in the form of a failure plane or shear
and). As bonds continue to break the shear resistance continues
o decrease until the soil has completely failed and the benefit of
ementation is lost. However, at this failed state the benefits of den-

(
l
s
s

Fig. 12. Experimental results from bio-mediated improve
response of untreated and bio-treated specimens.

ification are still realized (i.e. higher failure envelope of M* due to
ensification still applies).

Experimental results capturing this behavior are shown in
ig. 11. The details of the experimental program, including soil type,
pecimen size, treatment program, etc. is presented in DeJong et al.

2006). The untreated loose sand specimen exhibits monotonic col-
apse while the bio-treated specimen increases substantially with
hear to a strength above the failure surface (Fig. 11a). During the
hearing progression (Fig. 11b) the untreated specimen generates

ment of soil support a shallow footing foundation.
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ig. 13. Variables in optimization of calcite precipitation bio-treatment process. (a)
hrough increases in soil stiffness detected by shear wave velocity) due to increase in
ate in different soil gradations.

o initial peak strength and the strength gradually increases (to
/p’ = 1.2) as the specimen moves along the failure surface (Fig. 11a).
n contrast, the bio-treated specimen mobilizes a larger peak
trength (q/p’ = 1.7) and then degrades towards a higher-strength
nvelope (with slope M*).

The shear wave velocity measurements obtained provide clear
nsight into the degradation of calcite cementation when speci-

en failure occurs during shearing. The shear wave velocity for the
ntreated specimen decreases slightly initially due to a decrease in
as the critical state line is approach and then gradually increases.
he bio-treated specimen velocity begins at about 540 m/s (the
nal velocity shown for the treatment phase in Fig. 9b) and then
ecreases rapidly at small strains as the peak resistance is mobi-

ized. The shear wave velocity continues to capture the degradation
f the cemented sand matrix as the shear failure continues. Since
he shear wave velocity is an average measurement over the spec-
men length and localized shearing occurs at larger strains in
emented soils, the S-wave values at these larger strains are aver-
ges across zones of intact and failed cemented soil.

. Envisioned advantages

The development of bio-mediated processes for soil improve-
ent has several characteristics that may prove advantageous

elative to industry standard soil improvement techniques. These
nclude:

Reduced costs – use of natural materials, reduced treatment
injections, etc.
Reduced impact to the environment – use of natural materials
that do not permanently alter subsurface conditions
Improved treatment uniformity – biological processes have
potential to enhance spatial uniformity
Optimal treatment concentration – degree of treatment can be
controlled and monitored
Adaptable duration – treatments can be removed if only tempo-
rary support needed (e.g. by reversal of chemical processes)
Hydraulic and mechanical control – degree of treatment can be

adjusted
Flexible implementation – methods can be used in new and
retrofit construction
Penetration into soils w/ fines – cells are typically 1–3 �m in size
and self-mobile.

f
s
fi
s
p

chemical variables exemplified by increase in precipitation rate (capture indirectly
concentration. (b) Geotechnical variables exemplified by differences in precipitation

. Envisioned applications

The above attributes readily lend the treatment technique to
ivil infrastructure applications and possible broader applications
or national and international security, energy storage, and global

arming. These include, but are not limited to:

Liquefaction prevention – cementation of subsurface to prevent
liquefaction and its damage
Building settlement reduction – reduce settlement and increase
bearing capacity for foundations
Dam and levee safety – upstream injection of technique would
“plug” erosive piping
Tunneling – soil stabilization prior to tunneling would reduce dis-
ruption and increase efficiency
Scour/erosion prevention – treatment would increase resistance to
erosive forces of water flow
Bluff and slope stabilization – treatment could provide additional
stability needed to prevent failures
Impermeable barriers – barriers to stop/divert subsurface trans-
port of contaminants
Reactive barriers – opportunity for creation of barriers that
treat/clean groundwater as it flows
Groundwater protection – treatment to immobilize materials
before contamination of aquifers
Emergency immobilization – rapidly secure contaminants from
hazards (e.g. terrorist activities)
Aquifer storage and recovery – treatment to enhance storage and
reduce losses in aquifers
Energy (fuel) storage – used to create subsurface facilities for stor-
age of liquefied natural gas
Carbon sequestration – used to create subsurface facilities for stor-
age of CO2.

A simple example of the improved application performance that
an be realized is shown in Fig. 12. A zone of soil beneath a model

ooting was treated with bio-mediated calcite precipitation. The
ettlement induced by loading of the footing was decreased by
ve times at a footing stress of about 30 kPa. Details of the model
hallow foundation test are presented in Martinez and DeJong (in
ress).
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0. Primary challenges

Realization of the above applications using bio-mediated soil
mprovement techniques requires step improvements in aspects
f science, engineering, and education. Many of these issues were

dentified and discussed at an international workshop as reported
y DeJong et al. (2007).

0.1. Research

Bio-mediated soil improvement requires significant advance-
ent in fundamental science and engineering regarding system

eterogeneity, soil structure and pore space distribution, fluid
ovement and transport, and biodiversity. Each of these items

equires further research in their respective disciplines, let alone
ntegration of each item across disciplines (e.g. characterization
f nutrient transport through and biological distribution within a
ealistic pore structure).

Successful field implementation requires upscaling of biological,
hemical, and geotechnical (soil) systems that is not empirical, but
nstead based on fundamental principles. This effort will integrate
nalytical work, numerical modeling (van Paassen et al., 2008b),
nd experimentation. The two primary issues regarding field appli-
ation are the optimization of the treatment process given site
pecific conditions and monitoring of the treated soil during treat-
ent and periodically throughout the service life of the system.

n example of two variables relevant to treatment optimization
s exemplified in Fig. 13. The concentration of available calcium
s one factor that will influence the treatment duration assuming

shear wave velocity criterion is specified for the end of treat-
ent (Fig. 13a). Similarly, results of bio-treatment in different soils

ndicate an inability to treat soils with no sand or fines content
Fig. 13b). The actual variables are more numerous (e.g. biostim-
lation versus bioaugmentation, natural groundwater chemistry,
vailable oxygen/electron acceptor, in-situ temperature, micro-
ial competition) and an appropriate balance of modeling/analysis
ased on fundamental principles and applied field engineering
ith performance monitoring (e.g shear waves) must ultimately

e developed.

0.2. Education

Overcoming the above challenges will require decades of work,
nd currently there is no formal education or training system
o develop competent individuals equipped to lead this effort.
ducation – and graduate education in particular – in the lat-
er part of the 20th century focused on individuals developing
xpertise in a single niche area. This is insufficient for an inter-
isciplinary field such as bio-mediated soil improvement where
n individual must have expertise (core competency) in a cer-
ain area(s) but must be knowledgeable and able to communicate
cross several different disciplines. Efforts must be made in edu-
ation institutions as well as in government and industry to foster
his broader, renaissance type, education. Examples of what may
e done include interdisciplinary seminar series, interdisciplinary
co-taught) courses, research internships, paper discussion groups,
nterdisciplinary graduate programs, science/engineering/business
ombined Master’s degrees, and doctoral training degrees (interdis-
iplinary coursework only degree) (DeJong et al., 2007).
1. Conclusions

The field of bio-mediated soil improvement is rapidly emerging,
he range of opportunities continues to expand, and challenges lie

•
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head. The following summarizes the primary observations made
erein:

The $6B/yr, 40,000 projects/yr ground improvement industry
continues to expand due to the ever increasing need for the
improvement of soils to support new infrastructure and existing
infrastructure that must be further stabilized.
The development and management of bio-mediated systems are
uniquely interdisciplinary since biological processes are used to
control the rate, timing, and distribution of how a chemical pro-
cess occurs within soil.
The geometric compatibility between the soil matrix (most
effectively characterized with particle size and pore throat
parameters) and the microbial size (both before treatment when
the actual microbial size is relevant and after treatment when
microbes may be attached/bound/encased by precipitate) is the
primary factor dictating the range of soils that can be treated by
a given microbe via in-situ injection. Ex-situ mixing of microbes
with soils provides a broader range of possibilities.
Bio-mediated calcite precipitation in supersaturated fluids by
pH control through the management of microbial ureolysis has
strong potential. Alternative methods for pH control, namely
through denitrification, iron reduction, and sulfate reduction,
while less efficient should also be explored due to more benign
byproducts being produced.
Microscopy techniques have established calcite precipitation
reduces the pore space, effectively resulting in densification of
the soil.
Microscopy techniques have established that calcite precipitation
occurs preferentially near particle-particle contacts within the
soil matrix.
Fracturing of treated soil due to shear and tension loading results
in breakage with the precipitated calcite and not between the
precipitated calcite and the silica soil particles.
Non-destructive geophysical process monitoring techniques pro-
vide real-time information that links how the bio-mediated
chemical processes are influencing the soil matrix. For most bio-
mediated improvement systems the shear and compression wave
velocities are the two best indicators, while resistivity primarily
provides insight into the change in pore fluid composition.
The geophysical methods provide a promising method to monitor
a site during treatment and throughout the service life, enabling
assessment of treatment uniformity and permanence, respec-
tively. It is noted that supplemental sampling and laboratory tests
may be required for verification and calibration of geophysical
data.
A range of soil properties can be significantly altered with
bio-mediated improvement processes. Results indicate that the
permeability can be reduced by 10−3, the stiffness can be
increased by 102, the compressibility deceased by 10−2, the shear
strength increased by 102 and the volumetric response to be
changed from being contractive to being dilative.
Bio-mediated soil improvement processes offer a number of
potential advantages over current techniques and the range of
envisioned applications is far-reaching.
Upscaling of bio-mediated improvement techniques to the field
scale provides a significant challenge. The uniform treatment of
a large zone of soil require system modeling based on first prin-
ciples and the development of real-time field-scale monitoring

techniques to ensure spatially uniform treatment.
Institutional reform is required in order to provide a renaissance
type education in which individuals are developed with exper-
tise in a specific area as well as knowledge of and the ability to
communicate with different fields.
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