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NEAR SURFACE SOILS ARE LIVING SOILS
We have, by necessity, always simplified the complexity of soils. For decades, soil
properties and behavior were attributed to gravimetric forces and the presence of water.
In the second half of the 20th century, work by Prof. Mitchell and others revealed that
chemistry is at work in all soils and is the scientific basis for clay behavior. As our
understanding of the role of chemistry in soils developed, the profession advanced and
began harnessing chemical processes to manipulate engineering properties (e.g. lime
stabilization and electrokinetics).
Arguably the next soil behavior frontier for the geotechnical profession is to recognize
that the soil itself is a living ecosystem. The bacterial count in near surface soils with
significant organic content often exceeds 109 bacteria per 1 cm3. More than 106 bacteria
are also present in a cubic centimeter of poorly graded quarry sand typically used as
backfill or roadway subgrade materials. And these bacteria work non-stop in a variety
of different ways that can modify the properties and behavior of soil and groundwater.
Our “inert” backfill materials are not so inert after all. Soil is alive!
The living nature of soil can involve biological and chemical changes that challenge
our traditional understanding of time-dependent mechanical and hydraulic properties
in soils. Such changes can improve or degrade soil properties from the as-constructed
condition over the service life of a geotechnical system. Often, the net effect of
detrimental changes is not sufficient to compromise the conservatism embedded in the
design, but they are present nonetheless. In other cases, such as reductions in hydraulic
conductivity and increases in liquefaction resistance, we may acknowledge and attempt
to account for time-dependent effects.
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BIO-MEDIATED AND BIO-INSPIRED ENGINEERING SOLUTIONS
Over the past 15 years, geotechnical researchers have formed interdisciplinary teams
with microbiologists and geochemists in an effort to merge their knowledge and
identify bio-mediated processes that may be accelerated in time or relocated in space
and bio-inspired processes that mimic bio-mediated processes or employ biological
materials to induce changes in soil that result in significant improvements in
engineering soil properties. Great progress has been made in identifying and exploring
how to mobilize these processes for beneficial purposes, some of which are presented
herein. However, we are still in the early days of discovery in this emerging field of
biogeotechnical engineering.
Why is the role of biology critical in this interdisciplinary endeavor? Biological
processes directly influence the rate, timing, and location of the geochemical reaction
network(s) that induce changes to the soil structure. In some cases, biological process
creates a permanent inorganic precipitate that could also be produced solely using
chemistry in a beaker on the lab bench; by mediating this process, we hope to control
the reaction and enable such processes to occur within a soil mass at a targeted location.
In other cases, an organic polymer may form around bacteria, and its stability is directly
coupled to continued bacterial growth; when the bacteria die, the change in engineering
properties may revert to its initial state.
Microbially mediated calcite precipitation (an inorganic mineral precipitation
technique) is the process that has drawn the most attention and research focus to date
in the geotechnical community due to its promise as a ground improvement technique.
Recent research treating large 2-m-diameter tanks of soil has demonstrated that it is
possible to solidify loose uncemented sand (relative density, Dr = 40 percent, initial
shear wave velocity, Vs = 120 m/s) into a sandstone-like material (Vs = 970 m/s) over
a period of 10 days, while controlling the spatial distribution of improvement (Figure
1). (Note that that the final Vs gradient across the tank in Figure 1 was produced by
design to calibrate a numerical model). While bacteria that facilitated this process were
intentionally introduced to the tank in Figure 1 (a process referred to as bioaugmentation), this process can also be induced through bio-stimulation, wherein
bacteria already present in the sand (native bacteria) are first stimulated with nutrients
to increase the population and activity, and then used to mediate the calcite cementation
process. This mineral precipitation process can also be induced chemically using an
agriculturally-derived urease enzyme (the same enzyme that the bacteria that induce
this process). Figure 2 shows a “donut” of stabilized soil creating by radially infusing
a 19 liter (5 gallon) bucket of sand with an enzyme-based cementation solution through
perforations in a 76.2 mm (3-inch) diameter plastic pipe. Calcite precipitation in the
void space, cladding the soil particles, and particularly at particle-particle contacts
increases soil stiffness, strength, and liquefaction triggering resistance, and decreases
permeability. The resulting potential applications are wide ranging and include
liquefaction mitigation beneath existing structures, stabilization of unsealed roadways,
control of groundwater flow, and contaminant immobilization.
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Figure 1. Biocementation treatment in 2 m diameter tanks (a) setup, (b) shear
wave velocity mapping, (c) CPT penetration increase with cementation.

Figure 2. “Donut” of stabilized soil created by enzyme-induced cementation in a 19liter bucket by radial infusion through a 76.2 mm-diameter perforated plastic pipe.
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Another microbially mediated process, biogas-induced desaturation, shows promise as
a liquefaction mitigation mechanism. Over the past decade, abiotic desaturation has
become recognized as a potential mitigation measure for earthquake-induced soil
liquefaction. Laboratory testing has shown that biogenic gas, and in particular biogenic
nitrogen gas due to tis low solubility in water, can rapidly desaturate sandy soil. Figure
3 presents the results of a benchtop column experiment in which native bacteria were
stimulated to produce nitrogen gas. Abiotic testing using the same soil indicated that
the degree of saturation of 94 percent achieved in this experiment in less than 2 days,
as indicated by the measured compressional wave velocity, increased the cyclic stress
ratio required to induce liquefaction by more than 40 percent.

Figure 3. Microbially induced desaturation in a 50.8 mm-diameter column as
indicated by compressional- (P-) wave velocity measurements
The growth of biofilms, or bacterial communities that secrete a gel-like substance
known as EPS (extra-cellular poly saccharide), has been shown to coat coarse-grained
soil particles and plug voids for short-term modification of soil properties. The
generation of EPS within sands can effectively reduce hydraulic conductivity by more
than 100 times over a period of about two weeks (Figure 4). Recent column
experiments have demonstrated that this process also can be achieved by stimulating
native bacterial populations. Once reduced, the hydraulic conductivity reduction can
remain stable for more than 60 days, after which it degrades (Figure 4). If desired,
retreatment can sustain or recover the full reduction, or alternatively, the biofilm could
be allowed to degrade and the hydraulic conductivity can attenuate back to its natural
condition. This type of short-term reduction is very attractive for dewatering
excavation projects, for example, since the hydraulic conductivity reduction is only
temporary.
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Figure 4. Biofilms for temporary hydraulic conductivity reduction (a) test
setup, (b) formation, starvation, decay, and re-healing stages.
BIO-INSPIRED ENGINEERING SOLUTIONS
Ant excavation processes are 100-1,000 times more efficient than current tunnel
boring machines. Root systems are 10 times more efficient than current ground
reinforcement/foundation systems. Moles advance through soils with amazing
efficiency. While geotechnical engineers may not be able to employ activities such as
directly for geotechnical applications, the principals and processes they employ,
processes that have been optimized by nature over up to 3.8 billion years of trial and
error/survival of the fittest (i.e., evolution), can be used to inspire new geotechnical
solutions. Figure 5 illustrates some of the analogs between current geotechnical
processes and biological systems.
A majority of geotechnical ground improvement, slope stabilization, and underground
construction solutions and their associated construction processes are either
mechanically based or based upon Portland cement. These current technologies are
largely direct-cost focused; optimization has largely been in the form of incremental
improvements. The goal of bio-inspired geotechnical ground improvement solutions
is to reconsider the performance requirements for a geotechnical system and identify
new solutions that leverage, to the extent appropriate, efficiencies optimized in the
biological analogs. Biological analogs for excavation, reinforcement, penetration,
erosion control, densification, etc., can be readily identified. One example of where
this approach may have significant potential is in pile foundations and soil retention
systems. Nearly all deep foundation and soil reinforcement systems employ linear,
constant cross-sectional elements to transfer the structural load to the surrounding soil.
The biological analog, the tree root system, is 10 times more efficient and highly
spatially non-linear. After separating out the physiological role of tree roots (i.e., water
and nutrient uptake), it is possible to identify the structural function and associated
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topology of the root system. The knowledge gained from this type of study enables us
to explore the potential performance increase that is possible with a root-inspired
foundation or reinforcement element. It also allows for examination of the potential
methods for constructing such a system.

Figure 5. Biological analogs to our geotechnical systems.
SUSTAINABILITY: ADDING TO THE BOTTOM LINE OF SAFETY + COST
The responsibility of the civil engineer is to safely provide essential services to
society and the built environment, both to individuals and the community at large. This
is the highest priority. In a capitalistic marketplace, a second priority is cost. The
desired services are to be provided safely using the most economical solutions. These
two criteria (safety and cost) have driven, and continue to drive, final selections. This
approach, in combination with an assumption of nearly unlimited materials (e.g.,
cement) and resources (e.g., fuel), has led to the development of material and energy
intensive, brute force, geotechnical solutions and construction procedures.
We have now realized that there is a societal cost to these approaches. Emissions from
these conventional construction methodologies are causing air quality degradation,
ozone depletion, global warming, and sea level rise. Moreover, the materials and
resources that are employed themselves are finite. We cannot continue with business
as usual in the decades to come.
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As a result, we must re-evaluate how we make decisions. We must add sustainability
to the existing criteria of safety and cost. The impact of a given technology can be
quantified in terms of carbon footprint, embodied energy, etc. A comparative analysis
between alternate solutions, wherein the carbon footprint is assigned a monetary value
(e.g. social carbon cost) will help us, as a profession, realize the impact that
geotechnical systems have and provide a basis for quantitative comparison between
alternate solutions. Preliminary work in this area has shown that the carbon footprint
between different ground improvement methods can differ by 10 times, and different
earth retaining systems can differ by more than 3 times.
The criteria of safety must be uncompromised, but the cost calculations must include a
solution’s sustainability in addition to capital costs. The challenge, of course, is that
capital costs are measured in real dollars out of the investor’s wallet, while the
sustainable costs are measured in equivalent dollars that everyone will experience,
often at a later date. As a result, integration of sustainability and the societal impact
into decision making must be led by government and forward thinking private
investors.

MOVING BIOGEOTECHNICAL ENGINEERING INTO THE MAINSTREAM
Collectively, biogeotechnical engineering, or the development of bio-mediated and
bio-inspired geotechnical solutions, constitute a rapidly growing emphasis in
geotechnical engineering on nature-compatible and nature-inspired design and
construction. This field lies at the confluence of geotechnical engineering and
microbiology, geochemistry, zoology, and plant science as we come to recognize that
life sciences are relevant to geotechnical engineering! While now considered either a
specialty area (e.g., bioremediation) or an emerging technology, in the coming decades
biogeotechnical engineering will likely become part of mainstream geotechnical
engineering due to its lifecycle sustainability and cost-effectiveness.
The development of biogeotechnical solutions forces a paradigm shift in which we, as
geotechnical engineers, must recognize and consider soil as a living ecosystem, and not
as a sterile, non-reactive, stable material. As geotechnical engineers, we must be
trained — or re-trained — to think and be informed as biogeotechnical engineers. In
recognition of the potential for biogeotechnical engineering to contribute to
development of sustainable and resilient infrastructure systems, the National Science
Foundation funded the Center for Bio-mediated and Bio-Inspired Geotechnics (CBBG)
with a Gen-3 Engineering Reserch Center Grant. The CBBG, a consortium of Arizona
State University, the University of California at Davis, Georgia Institute of Technology,
and New Mexico State University, is dedicated to not only fundamental and applied
research in biogeotechnics but also to developing curriculum and other educational
vehicles to inspire train the next generation of geotechnical engineers in
biogeotechnics.
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THE PATH FORWARD…
Bio-mediated and bio-inspired technologies have promise to provide the sustainable
geotechnical solutions that our society requires. Figure 6 illustrates our vision for the
biogeotechnical future along a transportation corridor. There is an opportunity to reconsider, re-define, and re-design geotechnical solutions from this basis. For this to be
realized, we must encourage broader exposure in our student’s education curriculum,
continue pursuing new ideas through research, and engage with and educate current
geotechnical practice of this emerging opportunity.
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Figure 6. Vision of bio-mediated and bio-inspired solutions along a travel corridor.
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ABSTRACT: The use of biologically-mediated cementation for soil improvement is a
promising technology for the in-situ improvement of strength and stiffness in sands.
Existing numerical models (e.g., those developed for sands cemented with Portland
cement) do not adequately reproduce the response of bio-cemented sands across all
strain levels. We are developing a physics-informed discrete element method (DEM)
model to robustly predict the mechanical response of bio-cemented sands across
multiple spatial scales. Calibration is via a novel suite of physical experiments.
INTRODUCTION
Understanding the behavior of cemented soil is not trivial: it is highly dependent on
the mineralogy of the cementing agent (Ismail et al. 2002, Al Qabany and Soga 2013).
Cementation can occur naturally due to the precipitation of certain minerals such as
salts, iron oxides and calcite. Novel biological techniques such as microbially induced
calcite precipitation (MICP) may also be used to mimic the natural cementation process
(DeJong et al. 2006; van Paassen et al. 2010).
Bio-cementation has the potential to increase a soil’s resistance to liquefaction and to
reduce deformation if liquefaction does occur. Bio-cementation increases the cyclic
strength of a sand, reduces the generated excess pore pressures, and reduces settlements
due to dynamic loading (Montoya et al. 2013). However, before implementing MICP
in-situ for liquefaction mitigation, a more detailed understanding of the constitutive
behavior of the bio-cemented sand and the deformation mechanisms at the grain scale
is desirable.
We are currently developing improved, micromechanically-insightful, physicsinformed discrete element method (DEM) models to predict the mechanical response
of bio-cemented granular soils (Evans et al. 2014; Khoubani et al. 2016). The models
will be calibrated and verified using physical measurements of response at multiple
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spatial scales. The model framework and preliminary results are provided below.
CEMENTATION MODEL
The standard approach for modeling bonded particulate materials in DEM is to use a
technique known as parallel bonding (Potyondy and Cundall 2004). These bonds are a
mathematical construct that prevent separation and sliding at particle contacts and
transmit moment. When a bond breaks, it vanishes (i.e., mass is not conserved). This
abrupt change in material properties at individual contacts does not reflect the physical
reality of gradual decementation in bio-cemented soils.
We propose a more robust approach to the simulation of bio-cemented sands. Strings
of cement particles are used to bond individual sand grains via point bonds between
each of the entities (Figure 1). These point (contact) bonds resist tension and shear, but
they do not transmit moment. The overall bond still prevents sliding and separation and
transmits moment, but the bond breaks gradually (i.e. each point bond may break
independently) depending on the geometry of the stress transmission through the
assembly. Thus, this model has the ability to capture progressive (e.g., ductile) failure
and has the added advantage that as decementation occurs, small fragments of cement
are generated, occupy the pore space, and continue to influence the system response.

FIG. 1. Geometry of the new bonding model.
Implementation at the scale of a single particle-particle contact was demonstrated by
Evans at al. (2014). Figure 2(a) compares numerical simulations for a system of two
identical sand particles bonded by 12 smaller cement particles to the analytical solution
based on a force balance when the system is subjected to tension along its axis. If the
same system now has bond strengths varying according to a Weibull distribution,
failure becomes more complex, as shown in Figure 2(b).
PRELIMINARY NUMERICAL SIMULATIONS
The parametric behavior of the new contact bond model has been assessed by
generating an assembly of 2578 sand particles within a cube bounded by six walls. This
assembly was consolidated to isotropic equilibrium and this initial state was then used
as the starting point for all simulations. An uncemented assembly was sheared as a
baseline case. Other assemblies were cemented to different levels and with different
cement properties. Preliminary results are presented in Figure 3.
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FIG. 2. Behavior of a two-particle system: (a) uniaxial tension and compression
behavior; and (b) effects of varying bond strengths (all curves have the same mean
bond strength and the number in parentheses is the coefficient of variation).
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FIG. 3. Axial stress-strain response for four assemblies axially compressed at a
confining stress of 300 kPa. The percentage in the legend refers to the fraction of
sand-sand contacts cemented. The high strength case has double the bond strength
of the other simulations.
Preliminary results indicate that the fraction of bonded contacts has a significant
impact on specimen strength and stiffness. Bond strength does not influence initial
specimen stiffness, implying that there is not significant debonding prior to initial yield.
(Note: this behavior is confirmed by an analysis of bond breakage during loading).
MODEL CALIBRATION
Model calibration will ultimately be performed across multiple scales using a
combination of triaxial stress path testing, goniometer measurements (contact angle),
precision displacement-controlled loading of individual contact bonds, and X-ray
computed tomography. The single-contact measurements are particularly novel and
have only recently been reported by Montoya and Feng (2015). The experimental setup
is presented in Figure 4.
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FIG. 4: Contact strength testing; test set up (L) and treated particles (R).
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ABSTRACT: Knowledge gained through research in applied (e.g., biohydrometallurgy
and bioremediation) and basic sciences have defined the extent of the subsurface
biosphere and expand our concept of Earth’s biosphere and what controls life. Microbes
survive in and respond to numerous geological processes and alter chemical and physical
properties of the subsurface. New methods of sample collection, field sensing, and labbased analysis of microbial communities enable examination of the role of microbes in
these settings and characterization of the impact of microbial activities using molecular
signatures of their presence and metabolic action. These capabilities may allow us to
encourage desirable processes, inhibit undesirable processes, and remotely monitor and
track the progress of geoengineered systems with a biological component. We now
understand many Earth systems where microbes are active and responsive especially
where we have altered conditions to make them conducive to microbial activity.
However, other systems (e.g., deep reservoirs or repositories or geoengineered systems
near the surface) exist where microbial presence and viability can only be inferred but for
which little or no data currently exist. New interrogative methods will help us to explore
next order questions such as where and how in Earth microbial stimulation may be
possible, the volumetric scales at which deep cellular processes may be encouraged, or
how long such processes - or their outcomes - may last.
INTRODUCTION
Microorganisms exist throughout Earth systems wherever conditions are
permissive for their survival. Bacteria and Archaea have been discovered as deep as
several thousand meters below the surface (1) and in environments that edge onto the
limits to life as defined by parameters like high temperatures (2), low levels of electron
acceptors that permit the transfer of electrons for energetic requirements (3), and the
physical constraints dictated by gravity (4). Generally, higher levels of cells and activities
occur in shallower locations that are not restrictive for growth by any of a number of
parameters.
The original study of the deep biosphere arose out of human interest in mineral
extraction, groundwater quality, or remediation of contaminants. Subsequently, research
related to microbes in Earth systems grew to include the search for life in a range of
subsurface settings. This was prompted by reports that boosted interest in these dark
realms: calculating that a majority of life existed within the planet (5) and that life in
geological systems may be analogues for life on other planets (6). However, even as this
research field expanded to include fundamental science questions about where and how
life can possibly exist there remain practical drivers to many of these studies. Certainly,
there is considerable overlap in how microbes are sustained in natural and human altered
subsurface environments, microbes being indifferent to the origin of the process that
leads to habitability. From an engineering perspective, learning the processes by which
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subsurface microbes can be manipulated and evaluated, whether the cells are indigenous
or introduced in natural or artificial systems, remains a prominent aspect of this science.
DETECTION AND ASSESSMENT OF SUBSURFACE LIFE
Keeping tabs on subsurface life with which we are concerned involves
understanding microbial communities and activities on their own terms. This means that
we need to calibrate our expectations and analytical methods to processes that occur over
periods as brief as a few seconds but more normally to periods of years, decades, or
longer if our concern relates to geological processes. Figure 1 depicts the duration of
selected microbial processes (some primarily ascribed to the subsurface) in the context of
several human and Earth events or processes. Most processes that concern humans
function on daily or annual cycles, synchronized to large physical phenomena that dictate
how the planet moves diurnally and seasonally with respect to the sun and moon. Many
Earth processes, chugging along at a slower beat, are known only from careful
observations and measurements made by geologists. However, the temporal longevity of
microbial behaviors fully range from the rapid turnover of mRNA (shorter than the time
of an average cell phone conversation) to the seemingly inconceivable hundred million
year survival period of a microbe isolated from a salt formation (7).
We may not need to track microbial metabolism over a million years but it will be
important to have methods that allow us to follow microbial processes linked to biomediated geoprocesses for periods that extend from fractions of years to hundreds of
years, spanning eight orders of magnitude in Figure 1. This necessitates reliance upon
assessment technologies developed since the first observations of deep life that have
transformed the field. These technologies fall under the classification of sampling
methods (e.g., new ways to drill or establish in situ observatories), new field analysis
techniques (e.g., geophysical tools or injection strategies tuned to detect microbes or their
byproducts) (8). To complement what is now possible in the field, a range of new
molecular methods allow us to finely examine what microbes are present
(characterization of DNA sequence or lipids), how active they may be (RNA and proteinoriented detection techniques), and how numerous they are (DNA enumeration
technologies and automated cell counting). Progressively more powerful in silico
capabilities underpin all of the advances in field and lab science. With these tools we can
decipher the meaning of molecular science discoveries, merge this with reaction-path and
thermodynamic modeling, and arrive at more sophisticated and engaging visualizations
of subsurface biomes. In some special cases, several of these technological paths have
converged to provide a picture of how microbes behave in a target subsurface
environment where we are intensely interested in the outcome (9). Yet, while there are
many bio-mediated geoprocesses that we are not able to completely explain or predict the
coming decades should see more focus placed on bringing together the technologies
needed to thoroughly describe key environments under such stimulation (c.f., (10)).
QUESTIONS AND FUTURE CHALLENGES
To date, many bio-mediated geoprocesses have been described (11, 12) and some
have been advanced to pilot scale (13). However, it seems that we are in the earliest
stages of studying how these processes can best be applied. Following are some questions
that might be considered as the field opens.
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•

•

•

•
•
•
•

What types of environments demand our most immediate concern either because
we are most vulnerable due to lack of knowledge of bio-mediated geoprocesses or
because there is the greatest opportunity for economic viability? What types of
environments are contraindicated for bio-mediated geoprocesses?
Are there novel human-perpetuated or human-initiated actions need to be
explored as ways to promote bio-mediated geoprocesses (e.g., sonic waves,
compression, thermal convection)?
Can we take greater advantage of natural cycles or processes (e.g., tides, storm
surges, seismic activity) to induce, strengthen or sustain bio-mediated
geoprocesses?
What new detection or sampling strategies need to be developed in order to
evaluate the success of bio-mediated geoprocesses?
Can detection strategies be autonomously operated and coordinated using low
power systems? Under what conditions would such sensing be needed?
How long and with what frequency do we need to monitor bio-mediated
geoprocesses?
What is the role for computational modeling that incorporates physical, chemical,
and biological parameters in controlling or projecting outcomes of bio-mediated
geoprocesses?
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subsurface environments where most bio-mediated geoprocesses would occur are
shown in bold italics.
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ABSTRACT: Bio-geotechnics of municipal solid waste pertain to the biologicallymediated processes in landfills and corresponding influence on geotechnical and
geoenvironmental engineering properties and behavior. Municipal solid waste
landfills are unique in that microorganisms play a critical role in organic waste
biodegradation that impacts waste properties as well as coupled behavior; i.e.,
mechanical, chemical, biological, hydrological, and thermal behavior. In this paper, a
brief overview of relevant past, present, and future research challenges is presented.
Although broad in scope, research challenges in MSW bio-geotechnics all involve an
understanding of coupled processes. Key future research areas are identified and will
require multidisciplinary efforts to further progress the state of landfill engineering.
INTRODUCTION
Municipal solid waste (MSW) landfills have been and will remain a dominant waste
management strategy for the foreseeable future in the U.S. and throughout the world.
Although landfilling may not be ideal from a societal perspective, landfill practices
are evolving to reduce environmental emissions and enhance energy recovery. This
evolution includes maximizing the amount of waste managed in a given landfill
footprint, adopting practices that facilitate more rapid waste stabilization to reduce
long-term maintenance and environmental risk, and embracing operations that
maximize methane (CH4) production and collection as cost-effective green energy
(Pohland 1980; Barlaz et al. 2002; Mehta et al. 2002; Reinhart et al. 2002; Yazdani et
al. 2006; Benson et al. 2007, Bareither et al. 2010; Bareither et al. 2014).
The most effective means to maximize landfill sustainability is to operate a landfill
as a bioreactor. In contrast to the dry-tomb approach, where access to moisture is
constrained, liquid is deliberately added to a bioreactor landfill to accelerate waste
decomposition and stabilization. Common approaches in landfill practice are to
recirculate leachate or add supplemental liquids (e.g., industrial wastewater) to
enhance waste moisture content. Thus, the landfilled waste mass can be viewed more
as an anaerobic biodegradation system where solid and liquid wastes are co-degraded
to maximize beneficial attributes and enhance landfill sustainability. Municipal solid
waste has been evaluated from a geotechnical perspective since Sowers (1973) and
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bio-geotechnics of MSW relates to the bio-mediated processed in MSW and
corresponding effects on relevant geotechnical properties and behavior of MSW.
The state-of-practice of anaerobic bioreactor landfills has evolved over the past four
decades from key laboratory- and field-scale research endeavors. Past research
primarily can be grouped into two research thrusts: (i) understanding the microbialdriven biodegradation processes and coupled biological-chemical-mechanicalhydrologic behavior of the solid, liquid, and gas phases; and (ii) developing analytical
and numerical models to simulate one or all of the aforementioned processes. There
is a broad range of current and future research thrusts related to bio-geotechnics of
MSW; however, the predominant challenges are related to (i) coupled-process
modeling, (ii) mechanisms of temperature fluctuations and corresponding effects on
MSW behavior, and (iii) biochemical compatibility of liquid and solid waste codisposal. The scope of this white paper is to provide a brief overview of relevant
research related to bio-geotechnics of MSW and highlight current and future research
challenges.
PAST CHALLENGES AND RELEVANT RESERACH
Bio-geotechnical behavior of MSW broadly can be viewed from an understanding
of the waste composition and state of microbial activity. This simplified view is
sufficient for discussing MSW behavior as well as expected changes in behavior with
waste biodegradation. Bio-mediated processes and corresponding coupled behavior
can be anticipated for any given mass of MSW where organic waste is present.
Coupled behavior is primarily anaerobic in modern landfills and mathematical
representations of mechanical, chemical, and biological behavior have been proposed
and integrated into landfill engineering.
Microbial-Mediated Processes and Effects on MSW Behavior
The formation of CH4 through syntrophic microbial anaerobic biodegradation (e.g.,
Zehnder 1978) was well known prior to the pioneering work related to MSW
decomposition in landfills (Pohland 1980; Ham and Bookter 1982) and laboratory
bioreactors (Barlaz et al. 1989). A schematic of the temporal trends of leachate
chemistry and biogas composition and generation through microbial-mediated MSW
decomposition is shown in Fig. 1. The temporal behavior in Fig. 1 was effectively
shown through laboratory-scale bioreactor experiments conducted by Barlaz et al.
(1989) and many researchers thereafter. Understanding this coupled behavior in
MSW was paramount to improving bioreactor landfill operation through moisture
enhancement techniques (leachate recirculation and/or liquid addition) as well as
quantifying the effects of biodegradation on geotechnical properties of MSW.
Biogas generation during anaerobic decomposition of MSW has been one of the
most researched topics in MSW behavior due to concerns of greenhouse gas
emissions and odors, but also from the aspect of CH4 collection and energy
generation. Past research has shown that biogas generation increases with increasing
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temperature, there are optimal temperatures for decomposition in both mesophilic and
thermophilic temperature regimes, and microorganisms from one temperature regime
are not metabolically active in the other regime (e.g., Hartz et al. 1982; Bareither et al.
2012a). Eleazer et al. (1997) quantified CH4 potential of specific MSW constituents
and bulk MSW that are used to approximate CH4 generation from landfills. A firstorder degradation model, LandGEM, was developed by the US EPA to estimate CH4
emissions and potential recovery from landfills (US EPA 2005). LandGEM is the
predominant model used in engineering practice to estimate biogas generation and
landfill emissions.

Fig. 1. Phases of MSW biodegradation (Kim and Pohland 2003).
Settlement of MSW has been the subject of considerable research due to both the
life of a landfill and economic potential being controlled by the amount of available
air-space for MSW disposal. Sowers (1973) first applied conventional soil mechanics
principles to MSW settlement that were later expanded by Bjarngard and Edgers
(1990) to include short- and long-term time-dependent settlement rates. These
differing settlement rates would later be shown relevant to mechanical creep and
biological-induced compression (i.e., biocompression). A considerable amount of
research has been conducted on MSW settlement and corresponding compression
mechanisms (e.g., Wall and Zeiss 1995; Beaven and Powrie 1995; El-Fadel and AlRashad 1998; Hossain et al. 2003; Olivier and Gourc 2007; Ivanova et al. 2008;
Bareither et al. 2012a,b,c; Bareither et al. 2013; Fei et al. 2013). Key findings from
this work have enhanced our understanding of MSW compression behavior, with
particular emphasis on biocompression. The aspect of biocompression is unique
relative to soils as biocompression is a bio-mediated process that results in a net mass
loss, increased rate of settlement, and large reduction in total MSW volume.
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Analytical and Numerical Modeling of MSW Behavior
Models have been adopted and/or developed to simulate anaerobic decomposition
of MSW, decomposition of soluble organic constituents in leachate, CH4 generation,
and waste settlement. Models have also been applied to predict hydraulic behavior of
MSW during liquid addition (e.g., Haydar and Khire 2005) and shear strength
properties of MSW (e.g., Bray et al. 2009). However, the latter two topics do not
necessarily deal with microbial-mediated processes, but are more related to waste
composition and the state of decomposition. A waste settlement model developed by
Gourc et al. (2010) that integrates a first-order decay function to simulate
biocompression (Park and lee 1997) has been shown to be applicable to field-scale
MSW settlement behavior (Bareither and Kwak 2015). A more robust numerical
model developed by McDougall (2007) integrates hydro-bio-mechanical aspects to
simulate coupled processes in MSW that are driven by microbial action. Complex,
coupled numerical models have gained limited traction in practice due to (i) software
not being readily available, (ii) overly complex processes that may not be presented in
a practical manner, (iii) limited understanding of how to apply the model and interpret
results, and (iv) an abundance of model parameters with limited guidance on selection
for use in practice. A recent analytical model of coupled MSW behavior presented in
Chen et al. (2013) is a step towards simplifying the coupled modeling process such
that a model can be developed in Excel or MathCAD. However, a key challenge
limiting all coupled MSW behavior models is the interdisciplinary nature of the
models and the excessive parameterization necessary to implement the model.
CURRENT AND FUTURE CHALLENGES
Current and future challenges related to bio-geotechnics of MSW are grouped into
three general categories: (i) coupled-process modeling, (ii) temperature effects, and
(iii) biochemical compatibility. There is ongoing research in the geotechnical and
geoenvironmental field related to all of these topics as well as potential for future
research activities. Research on fundamental behavior of MSW will remain important
as the waste stream entering landfills changes due to waste diversion and also as
different management strategies are adopted to enhance landfill sustainability across
the globe. Additionally, functional and organic stability criteria used for landfill
closure and long-term protection of human health and the environment will be critical
to landfill engineering in the coming years. This topic is multidisciplinary and
requires an understanding of fundamental MSW behavior, coupled processes in
MSW, and predictions of potential contamination that can be assessed at points of
exposure to evaluate risks to human health and the environment.
Coupled-Process Modeling
The ability to predict coupled processes in landfills, those being mechanical,
hydrologic, biological, chemical, and thermal, has been and continues to be a
challenge that has attracted the attention of many researchers. Landfills are dynamic
in that any given process has repercussions on all other processes. For example,
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Bareither et al. (2012a) documented the effects of fluctuating waste temperature on
biodegradation of soluble organic substrate in MSW leachate and waste settlement.
The motivation behind developing a fully coupled mathematical model for landfill
behavior is that such a model will allow for better prediction of waste behavior and
forecasting long-term MSW stabilization to justify landfill closure and requirements
for post-closure care. However, past challenges to the development and adoption of a
fully-coupled model (discussed previously) will continue to challenge researchers.
Furthermore, experimental data at laboratory- and field-scale that capture coupled
MSW behavior will be needed to validate models and assess scale factors that can be
used to transfer laboratory-derived model parameters to predict field-scale behavior.
Temperature Effects
Temperatures within an MSW landfill can vary due to interactions with atmospheric
temperature fluctuations, heat accumulation during both aerobic and anaerobic
biodegradation, as-placed temperature of MSW, and the temperature of recirculated
leachate or supplemental liquid added to the landfill (e.g., Hanson et al. 2010;
Bareither et al. 2012a). Additionally, disposal of aluminum waste products within an
MSW landfill has been shown to lead to reactions that can drastically increase waste
temperature (e.g., Stark et al. 2012; Jafari and Stark 2014). Current and future
research is targeting mechanisms of temperature fluctuations in MSW landfills and
the corresponding heat transfer (e.g., Hanson et al. 2013; Bonany et al. 2013).
Thermal properties of MSW have been evaluated, but are difficult to measure due to
heterogeneity of MSW particle size and composition. Thus, additional research
efforts are needed to enhance our ability to accurately measure and predict thermal
properties of MSW.
The recent thrust in energy geotechnics related to ground source heat pumps
(GSHPs) and subsurface energy extraction and storage has led to an interest in heat
energy extraction from landfills (Preene and Brown 2012; Coccia et al. 2013).
However, the transfer of knowledge of GSHPs used in traditional geotechnical
applications to landfills is challenged by our limited ability to (i) predict waste
behavior in response to temperature fluctuations and (ii) quantify thermal waste
properties to predict heat transfer and energy potential a priori.
Biochemical Compatibility of Waste Co-Disposal
Under the federal Research, Development, and Demonstration (RD&D) Program,
liquid waste can be directly landfilled, which serves as an effective moisture
enhancement strategy towards in situ anaerobic waste treatment. Co-disposal of solid
and liquid waste can provide economic and environmental benefits to landfill owners.
However, elevated moisture levels and biochemical compatibility of co-disposed
wastes are concerns such that excessive leachate generation, leachate seeps, waste
instability, and fugitive gas emissions do not adversely influence landfill operations.
The majority of research conducted on co-disposal of liquid and solid waste has
focused on disposal of biosolids from wastewater treatment plants and manure
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digesters, which have anaerobic microbial communities that are beneficial to
biodegradation of MSW. Biochemical compatibility and overall benefits to anaerobic
decomposition of MSW via disposing different commercial and industrial liquid
wastes in landfills have not been evaluated. This is relevant area for future research in
bio-geotechnics due to the coupled evaluation of waste behavior and microbial
community and activity.
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