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ABSTRACT

This study was designed to test the effects of bio-stabilization on geomaterials as an
alternative to chemical and mechanical stabilization. Microbially induced precipitation was
used as a method of bio-stabilization. An indigenous microorganism, Bacillus pasteurii, was
used to prompt calcite and other precipitates that stabilized geomaterials. A standard
procedure for bacteria cultivation and bio-treatment soil stabilization and aggregate coating
was developed. Two types of liquid incubation medium, one containing NH4Cl and one
containing (NH,4).SO,, were tested. After conducting unconfined compression tests, it was
discovered that both medium work well for bacteria incubation and treated samples have
similar strength performance. In addition, double bio-treated samples were stronger than
single treated samples, and oven-dried bio-treated samples were stronger than air-dried
treated samples.

In aggregates, lower porosity helps to resist the negative effects of freezing and thawing.
Mercury intrusion porosimetry confirmed that bio-treatment decreased the porosity of
aggregates. At five to six bio-treatment cycles the lowest porosity values were achieved.
More than six cycles of bio-treatment showed an increase in porosity. Scanning electron
microscopy and X-ray diffraction were conducted and confirmed that bio-treatment produces
precipitate coatings on the surfaces of aggregate. Dynamic modulus tests of concrete beams
with bio-treated aggregates showed that treated aggregate improved the durability of the
concrete. Freeze-thaw soundness tests on the treated aggregate confirmed these results. This
is believed to be the first study of its kind.



CHAPTER 1. INTRODUCTION

This chapter presents the industry and technical problems addressed in this project, the
research goals and objectives, and a discussion of the benefits of thisresearch. Thefinal

section of this chapter forecasts the organization of the thesis.

Industry problem

Earth materials constitute the major component of roadway infrastructure systems. Soils
are used for embankment fills and subgrades, and aggregates are used for pavement bases
and in Portland cement concrete and asphalt. The quality of soils and aggregates directly
affects the cost and productivity of construction and the long-term performance of the
infrastructure systems. The demand for quality civil infrastructure materialsis high and
expected to continue to increases in the near term (GAO-13-32R report) especialy in large
population areas, like major citiesin the United States, India and China (DeJong et a. 2010).
At siteswith marginal or weak soils, mechanical (e.g., geosynthetics) and chemical
stabilization (e.g., cement, lime, and fly ash) technologies are often used. Although usually
effective, cost, suitability, availability, constructability, and environmental issues are some of
the factors that inhibit use of mechanical and chemical stabilization technologies. The many
products available on the market reinforce that new solutions are needed to the age old
problem of marginal soils.

Aggregate quality is another factor for which new solutions are needed. Typically,
aggregate quality is assessed by salt susceptibility quality, secondary pore index (relates to
porosity and absorption), and durability factor (lowa DOT Level | & Il aggregate reference
manual). One of the common problemsis low freeze and thaw resistance if aggregates have
high porosity for use in PCC. Aggregate treatments use sodium silicate solutions to seal the
pores of concrete by chemical reaction (Crisman 2007). However, sodium silicate solutions
will put the concrete at risk for low strength development and surface durability issues due to
sodium silicate solutions will result in chemical reaction with concrete (Crisman 2007).

On another side, the quality of geomaterialsis not entirely satisfactory. For example,
concreteis playing an increasingly important role in civil engineering. But because of the
unsatisfactory quality of coarse aggregates, the durability of concrete is influenced serioudly.
A major deterioration of concrete is D-cracking that caused by susceptible to freezing and



thawing effects (Aberdeen Group, 1988). Nondurable carbonate aggregates associated with
D-cracking pavements exhibit a predominance of 0.04-0.2 um diameter pore size (Vernon
and Wendell, 1982). Thus increase the quality of aggregates especially control the D-
cracking susceptible pore size is a method to extend durability of concrete.

Utilizing biological process to modify the engineering properties of subsurface and
geomaterials has emerged in these few years (Dedong et al. 2006). This method has high
potential to satisfy the requirements of environmentally friendly and sustainable ground
improvement. Bio-stabilization has the potentia to change the physical and mechanical
properties of geomaterials through precipitation in such away that weak and unstable soils
can be made sufficiently strong and durable for construction, and filling poresin
geomaterials. All additives used in bio-stabilization are environmental friendly
(Ramakrishnan et a. 2005).

Technical problem

Bio-stabilization and bio-coating can be considered under the term of bio-treatments.
Bio-stabilization bonds soil particles together by using some biologically produced
precipitates. Bio-coating plugs the pores of coarse aggregates via biologically produced
precipitates to decrease the susceptibility to concrete D-cracking. Because bio-stabilization
and bio-coating is arelatively new development, there are still many technical challenges. So
before bio-treatments can be used widely, these questions must be addressed:

* How do the engineering properties of bio-stabilized soils compare to traditional

chemical and mechanical stabilization;

* How can bio-stabilization be implemented into field construction practice and what

equipment is needed;

* What are the optimum field conditions requirements (i.e., pH, aerobic environment,

temperature, nutrients) to support microorganism processes that stabilize the soil;

» Isit possible to make bio-precipitates penetrate or coat pore spaces in aggregates,

* How can durability of bio-coating treatments on aggregate surface be evaluated,;

» What requirements are needed for engineers and workers to safely handle and

develop to culture bacteria and treat the soil.



Goal of the research

The main goal of thisresearch isto develop the laboratory methods and test bio-

stabilization for few different soils and evaluate the bio-coating for porous aggregates.

Objectives

The research objectives are to:

» Develop astandard procedure for bacteria cultivation and bio-treatment for soil
stabilization and aggregate coating;

* Review the literature to compare and investigate the effects of bio-stabilization and
bio-coating;

* Introduce biological additivesinto geomaterial specimens to test the strength and
other geotechnical properties of soil;

* Anayze the micro structures of untreated and bio-treated specimens.

Significance of the research

Finding alternatives to traditional stabilizers for soil stabilization and improving the

guality of geomaterialsin a more sustainable and reliable way.

Organization of the document

Following this introduction chapter, the thesisis organized into five additional chapters.
Chapter 2 provides areview of relevant literature and a background for this research. Chapter
3 presents the test methods and chapter 4 presents the analysis of the properties of the geo
materials used in this study. Chapter 5 describes and discusses the results, and chapter 6

presents conclusions and recommendations.



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

This chapter discusses recent research on a new stabilization technique that uses bacteria
to precipitate a binding agent. The chapter discusses bio-stabilization applications for
geomaterials, bio-treatment methods, characterization of bio-treated materials, and the
benefits of bio-stabilization.

According to NRC (2006) geotechnical engineers need a new understanding of
geomechani cs to reduce the damage to the environment. Interdisciplinary research, especially
the interaction between biology and geotechnical engineering, explores the use of biological
methods to solve geomechanical problems such as using microorganisms to stabilize
geomaterials. This new concept is called bio-stabilization. This project examines the effects
of bio-stabilization on the engineering properties of geomaterials.

Bio-stabilization for geotechnical applications

Bio-stabilization involves injecting naturally occurring or engineered microorganisms
that produce a polymer or cause precipitation of inorganic cementing material using
biological processes (NRC 2006). DeJong et al. (2010) defined that the bio-stabilization
system is “a chemical reaction network that is managed and controlled within soil through
biological activity and whose byproducts ater the engineering properties of soil.”

Concepts for bio-stabilization are being devel oped to stabilize soils (DeJong et a. 2006),
improve concrete durability (Ramakrishnan et al. 2005), and mitigates liquefaction (Burbank
et a. 2011).

Experiments involving biological processes for soil strengthening have been largely
confined to laboratory studies of the precipitation of carbonate as a cementation material for
sand stabilization. Much more research is needed to fully evaluate the full potential for soil
stabilization, concrete material improvement, and improvement at levels necessary for their
routine use in infrastructure construction.

Soil
Microbia activities can directly or indirectly affect the physical properties of soilson a

permanent or temporary basis. Some fungal colonies produce microscopic, hair-like hyphae,



and have an effect similar to plant roots grasping soil. Some bacteria precipitate extracellular
polymeric materials that bind soil particles together (Gray and Sotir, 1996).

Bachmeier et al. (2001) investigated microbial urease activity in calcite precipitation.
They used two types of microorganisms in experiments, Bacillus pasteurii and Escherichia
coli. These two microorganisms have ability to precipitate calcite. To verify the application
of these microorganisms for civil engineering problems, the authors designed two groups of
experiments using the same culture medium and same environmental conditions. In addition,
they used Bacillus pasteurii which was immobilized in polyurethane (PU) foam to compare
the efficiency of calcite precipitation between the free and immobilized enzymes. After the
process of MICP, SEM was used to evaluate the experiment results. SEM images identified
calcite precipitation throughout the matrices of PU. In comparison SEM images of calcite
precipitation induced by the PU-immobilized urease showed smaller and |ess organized

crystals on the surface, and PU foam has well organized crystals within the matrices.

Concrete

Jonkers et al. (2010) investigated the potential ability of bacteriato repair concrete
cracks. They added bacteria directly into cement paste mixture, and found a continuous
decrease in pore size diameter during concrete curing. The bacteria produced substantially
more crack-plugging minerals than the control groups. In their research, Mercury intrusion
porosimetry tests were used to determine pore size distribution. Mercury intrusion
porosimetry analysis indicated two major cement matrix pore diameter size ranges, 0.01-
0.1um and 0.1-1.0um. Results showed that the pore size distribution changed from large to
small with treatment. And there was alarge difference in pore size diameters between young
specimens cured 3 and 7 days and old specimens cured 28 days. Pores volume was
significantly decreased after 28 days curing. The incremental intrusion volume of 3 daysis
0.39 mL/g, after 7 days pore volume was decreased to 0.22 mL/g, 28 days curing can make

the pore volume reach to 0.1 mL/g.

Other applications
Burbank et al. (2011) conducted laboratory and in situ bio-treatment experiments on
saturated soils from different depths that could liquefy due to seismic vibration. They treated

the soils with indigenous microorganisms that precipitate calcite and concluded that this kind



of treatment increases the resistance to seismic induced liquefaction. The CPT data showed
the tip resistance for calcite precipitation levels as low as 1.8 to 2.4% can reach t0 4.9t0 5.9
MPa. The maximum tip resistance of untreated soil is 2.5 MPa.

Meyer et a. (2011) designed and conducted experiments utilizing indigenous
microorganism — Sporosarcina pasteurii to verify the workability of thistype microorganism
for dust control. Meyer et a. (2011) examined the dust control effects on different
concentrations of microorganism for different temperature and humidity levels. From their
study, microbial dust control showed potential to be effective. Under 20% humidity, 45°C
environments, dust control achieved was optimum. The effect of dust control reached to
maximum when the concentration of microorganism was 1 x 10° cells/mL in liquid medium.
After wind tunnel testing, the mass loss can be limited to 1% or less compare to mass |0ss

with no treatment.

Bio-treatment methods

Bio-treatment utilizes calcite precipitation to bond soil particles and fill the pores of
aggregates. The following section introduces the primary chemical reactions, bio-species,
and some methods literature review.

Bio-reactions, processes, and bio-species

MICP is a process that one mole of urea, (NH.),CO, is hydrolyzed to two moles of NH,*
and one mole of COs> per mole of urea by the enzyme urease indicated in the following
simplified reaction (Burbank et al. 2011);

(NH2)2CO + 2H20 -2NH4+* + CO32-

NH," will increase the pH of liquid medium, and CO3* can react with calcium ions
(Ca’") and precipitate calcium carbonate (CaCOs).

Ca’" + COy” - CaCOs

DelJong et a. (2010) used Bacillus pasteurii, which are aerobic and urease production
bacteria, because they are common and naturally occurring in soil. In addition, Bacillus
pasteurii cells do not aggregate; this ensures a high cell surface to volume ratio, a condition
that is essential for efficient cementation initiation. Bacillus pasteurii are particularly good

candidates for bio-stabilization because they provide two sources of CO,, respiration by the



cells and decomposition of urea (Dedong et a. 2006). This CO, reacts with water and

calcium to form calcium carbonate —a bonding agent bond with particles.

Methods

Ramakrishnan et al. (2005) presented the basic principle of MICP. They conducted a
durability study of concrete beams that were treated with bacteria grown in three mediums:
water, urea, and phosphate buffer. The beams were exposed to sulfate, alkaline, and freeze-
thaw environments. The dimensions of the beams were established according to ASTM C666
standard test method for resistance of concrete to rapid freezing and thawing. Scanning
electron microscope (SEM) and X-ray diffraction (XRD) were used to analyze the quantity
and shape of MICP. They found the durability of concrete beams treated with bacteria was
much higher than the control group. The authors concluded phosphate-buffer was the most
effective bacteriamedium and at the end of 28 curing days beams with bacterial
concentration of 1 x 10° cells/ml, 1 x 10" cells/ml, and 1 x 10° cells/ml had 13%, 20%, 34%
less shrinkage deformations respectively than that of the control beams.

DeJong et a. (2006) recommended Bacillus pasteurii as the stabilization microorganism
applied in soil improvement. These bacteria used urea as the nutrient and grow at 30£2°C
with sufficient oxygen. To ensure the growing of bacteria and effective chemical reaction,
nutrients and chemicals supplements were necessary. The initial biological treatment is
primarily used for bacteriaincubation, and the cementation treatments are the process of
precipitating calcium carbonate and stabilizing the soil samples. The Ottawa 50-70 specimen
used in this design was 72 mm in diameter with an aspect ratio 2:1. The experiment required
a peristaltic pump to introduce the bacteria and urea medium into the specimen over a period
of 20 minutes with a 20 mL/min flow rate. The specimens were set for 4 hours to alow the
microbes to attach to the soil particles. The microbes bonded to the soil particles; the nutrient
treatment was then initiated. The nutrient treatment process had a slower flow rate about 4
mL/min than the initial biological treatment. After few days, there will be some amounts of

cementation between soil particles. This processis shownin Table 1.



Table 1. Microbial induced cementation treatment and formula (DeJong et al. 2006)

Process Constituents
Contains per liter of double distilled water 3 g Bacto nutrient broth
Urea medium (used in 20 g Urea NH,(CO)NH,
treatments below) 10gNH.Cl
2.12 g NaHCO;
Adjust pH of the medium to 6.0 with 5 N HCI prior to sterile filtration
Initial biologica 2x10° cell¥mL Bacillus pasteurii
400 mL Urea medium
treatment

8 mL of CaCl, stock solution (140g/L)
400 mL Ureamedium
8 mL of CaCl, stock solution (140g/L)

Cementation treatments

Whiffin et a. (2007) used Sporosarcina pasteurii, a urease positive microorganism that
must be cultivated under aerobic batch conditions. The cultivation medium contained 20 g/L
yeast extract and 10 g/L NH4Cl at apH of 9, and the bacteria were stored at 4°C for 48 hours
prior to use.

The experiment was conducted in a 5m PV C tube with an internal diameter of 66 mm.
The soil sampleis 125-250 ym Itterbeck sand (D1p = 110 pm, Dsp = 165 pm, Dgg = 275 pm,
dry density of 1.65 g/cm?® and porosity of 37.8%). The PV C tube was positioned verticaly
with downward flow. A fluid reservoir containing the injected fluids is connected at the top
of the PVC tube. The flow rate was kept constant at approximately 0.35 L/h and ambient
temperature of 18°C + 2°C. After this series of experiments, the soil samplesin the PV C tube

can be used for testing some soil properties.

Characterization of untreated and treated materials

The microstructure and elements of untreated and bio-treated materials are characterized

by scanning electron microscopy (SEM) and X-ray diffraction (XRD).

Scanning electron microscopy

Scanning electron microscopy (SEM) is used for observing the surface and void areas of
bio-treated materials. It is the major tool to analyze the effect of bio-stabilization.

Scanning electron microscope (SEM) uses afocused beam of high-energy electrons to
generate avariety at the surface of solid specimens. The signals are obtained from electron-
sample interactions reveal information about the sample including external texture, chemical

composition, and micro structure (Goldstein 1981).



DeJong et a (2010) conducted SEM analysis for bio-treated silica sand particles. There
were some spaces between sand particles. After bio-treatment some calcite precipitations
were produced and filled in the spaces. These precipitations can bond sand particles and
stabilize them (Figure 1).

SEM image Si (silica) Ca (calcium)

Figure 1. SEM of treated silica sand particles (Reproduced from DeJong et al. 2010)

X-ray diffraction

X-ray diffraction (XRD) is used to quantitatively analyze the mineral constituents of
materials.

Bang and Ramakrishnan (2001) initiated and evaluated microbiologically enhanced crack
remediation (MECR). They found that the microbially induced calcite precipitation produced
asignificant increase in compressive strength, which had good potential in concrete crack
remediation. During their research, SEM and X-ray diffraction (XRD) analysis were used to
identify the micro-structure and composition of MICP. The authors tested four groups:
untreated sand sample, sand treated with liquid medium sample, sand treated with killed
Bacillus pasteurii and liquid medium sample and sand treated with Bacillus pasteurii and
liguid medium sample. The XRD quantitative analysis of the final weight fractions of sand
samples was gathered (Table 2). Only the sample treated with Bacillus pasteurii had calcite
precipitated detected by XRD quantitative analysis. For the untreated sand sample, XRD
guantitative analysis verified that the untreated sands did not produce calcite. For the sand
sample that was treated with liquid medium, and the sand sample treated with killed Bacillus

pasteurii, there was no effect from bacteria and the indicated liquid medium.
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Table 2. XRD quantitative analysis of the final weight fractions of sand samples

Quartz Calcite
sample | (sio,) (CaC0y)
1 0.96 ND
2 0.954 ND
3 0.892 ND

4 0.683 0.302

a.  Numbersrepresent an average of weight fraction values obtained from XRD quantitative analysis;
b. Sample 1, untreated sand; sample 2, sand treated with medium; sample 3, sand treated with killed
Bacillus pasteurii and medium; sample 4, sand treated with Bacillus pasteurii and medium.

Benefits of bio-stabilization

Bacillus pasteurii has alevel one bio-safety rating, which meansit is not known to cause
disease in healthy adult humans (America Type Culture Collection 2011). A biological
process is more environmentally friendly than conventional chemical treatment methods,
such as lime, cement, or fly ash. Such a natural process would use nonpathogenic organisms
that are native to the subsurface environment (DeJong et al. 2006).

MICP is highly desirable because the calcite precipitation induced as a result of microbial
activitiesis pollution free and natural (Ramakrishnan et al. 2005). Application of bio-based
materials and processes can substantially contribute to a decreased need of limited non-
renewabl e resources and energy (fossil fuels), a decrease in production of non-biodegradable
waste materials, and thus a substantial decrease in environmental burden of geo- and civil

engineering practices (Jonkers and van Loosdrecht 2010).
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CHAPTER 3. METHODS

The purpose of this chapter is to describe the methods used in the study. The main goal of
this research was to develop and test a new stabilization technology. The research objectives
were to:

» Develop astandard procedure for bacteria cultivation and bio-treatment for different

soils;

» Compare the effects and functions of chemical and biological soil stabilizers;

» Introduce biological additivesinto soil and make specimens for testing the strength

and other geotechnical properties of soil; and

* Analyze the micro-structure of bio-treated soil specimens and untreated soil

specimens, and observe the changes after bio-treatment compared to untreated
specimens.

This study was designed to test the effects of bio-stabilization on geomaterials as an
aternative to chemical and mechanical stabilization. Companies, transportation agencies, and
private road owners will benefit from this research because bio-stabilization has no or fewer
environmental contamination, shorter treatment time requirements, and acceptable

application costs based on the literature review (Ivanov and Chu 2008).

Research design

To address the objectives of this study, laboratory and field tests were conducted. Lab
testing involved preparing bio-treated soil specimens and conducting these eight tests:

* Unconfined compression;

» Scanning electron microscope (SEM);

* Energy dispersive X-ray spectroscopy (EDS);

* Mercury porosimetry;

* lowaporeindex;

* Resistance of concrete to rapid freezing and thawing;

» Soil index test (soil classification, specific gravity, and absorption); and

» Resistance to degradation of aggregate by abrasion and impact in the Los Angeles

machine.
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Bio-stabilization methods
The following section presents detailed laboratory process of preparing incubation
medium, streaking out single colony, incubating microorganism, introducing microorganism

to soil sample, and subsequent bio-treatment.

L aboratory processes
The Bacillus pasteurii for this study were procured from ATCC (America Type Culture

Collection), and the ATCC manual provides the formulafor culturing the bacteria for
stabilizing soil samples (2011). The formulafor making 1.0 L of the liquid culturing medium
follows the recipe in the manual (Table 3)

Table 3. Formulafor making 1.0 L of the culture medium

Constituents Amount
Y east extract 20.0g
(NH4)2804 or NH4C| 10.0 g
0.13 M Tris buffer (pH 9.0) 10L

The step-by-step process for bio-stabilization is as follows:

Rehydrate freeze-dried Bacillus pasteurii
A. Open via of original freeze-dry bacteria (Figure 2).

.

-

Figure 2. Bacillus pasteurii from ATCC

B. Introduce5 to 6 ml of the culture medium into atest tube.
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C. Withdraw approximately 0.5 to 1.0 mL of the culture medium with a Pasteur
pipette.

Inject the culture medium in the via to rehydrate the entire pellet.

Transfer this rehydrated liquid back into the tube.

Shake the tube gently to evenly mix the culture medium and the bacteria.

Put the test tube into an incubator that is set at 30°C + 2°C in aerobic
conditions (ATCC 2011).

© MmO

Streak out linesto get a single colony in solid medium
A. Prepare agar solid medium in 100 mm x 15 mm Fishbrand plastic plates

(Figure 3).

Figure 3. Solid medium for Bacillus pasteurii

B. Dip aninoculate loop into the test tube of the culture medium and bacteria
suspension.

C. Streak out lines with the loop on the surface of the solid medium.

D. Incubate the plates at 30°C. After 48 to 72 hr, single colonies should
propagate on each line. However, if there are only afew colonies on the lines,
repeat steps B and C.

Inoculate single colony into culture medium

A. Prepare recommended culture medium in flask or test tube (see Figure 4), the

medium ingredients are listed in Table 3.
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Figure 4. Culture medium for Bacillus pasteurii

B. Usesterileloop to transfer the bacteria colony into culture medium.

C. Put theflask or test tube in incubator shaker: shaker will provide oxygen and
temperature; generally it takes two days to culture enough bacteria for (see
Figure 5).

Figure 5. Flask with culture medium in incubator shaker
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Dilute
A. Dilute the bacteria to achieve the target concentration

B. Use spectrophotometer (UV-visible) to get the optical density (OD). For two
days grow bacteria, the OD vaueis around 0.2 which means bacteria
concentration is 1.6 x 10° cells/mL.

C. The OD can reflect the concentration of Bacillus pasteurii.

Re-suspend in new culture medium
A. Introduce the target concentration of bacteriainto new culture medium.

Mix the culture medium and bacteria with soil (Figure 6)
A. The growth condition should be 30°C + 2°C and aerobic.

B. After 4 days (or less) growth, the treated soils are ready to make specimens.

Figure 6. Introduce the culture medium into soil specimen

Sample preparation

Thefirst step in preparing the samples was to clean the PV C molds. Stainless steel
clamps were used to join the tops of the two pieces of the molds and rubber bands were used
to bind the bottoms of the mold pieces together. Aluminum foil was wrapped around the
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bottom of the molds to reduce liquid |eakage when the bio-treatment culture medium was
introduced to the soil specimens. Aluminum film was also put inside of the mold to make
remolding easier after bio-treatment. The molds were filled with the soil samples and put into
aglass beaker to contain leakage. The glass beaker and mold were then placed into an
autoclave for 25 minutes to sterilize the mold and the sample. The autoclave temperature was
set at 121°C to sterilize the PV C mold.

Lab tests

This section presents the tests that were conducted to verify the effects of bio-
stabilization.

Unconfined compression

The objective of bio-stabilization isto bond soil particles, and unconfined compression
tests verify the effects of bio-stabilization. Unconfined compression tests are asimple
|aboratory testing method to assess the mechanical properties of fine-grained soils and
provide a measurement of the undrained strength and the stress-strain characteristics of soils.
The tests were conducted according to ASTM D2166-06 Standard Test Method for
Unconfined Compressive Strength of Cohesive Soil (2009). The compression equipment was
a Geotest Instrument Corporation model S2010 device with a 2000 Ibs. capacity was used in
this study. The applied load was determined from reading the dial in increments of 10 Ibs.
The compression stress for given applied loads is calculate by following equation,

o-=P/A (1)
where:
P = given applied load, |bs; and

A = corresponding average cross-sectional area, ft.
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Figure 7. Unconfined compression test device

Scanning electron microscope (SEM)

SEM analysisis expensive, complicated and time-consuming, but it is a non-destructive
test. X-rays generated by electron interactions do not lead to sample volume loss, so samples
can be analyzed repeatedly.

Accelerated electronsin a SEM carry considerable amounts of kinetic energy whichis
dissipated as a variety of signals produced by interactions between electrons and samples.
These signals include secondary el ectrons, backscattered el ectrons, diffracted backscattered
electrons, photons, visible light, and heat. SEM images are produced by secondary electrons
and backscattered electrons (Goldstein et al. 1981). Diffracted backscattered electrons are
used to determine micro structures and constituents of minerals. Photons are used for
elemental analysisin a process referred to as EDS. Figure 8 shows the FEI Quanta FEG250
SEM equipment.
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Figure 8. FEI Quanta FEG250 SEM equipment (a. basic component, b. working stage)
Energy dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the
elemental analysis or chemical characterization of asample. EDS investigates the interaction
between some electrons of X-ray excitation and a sample. EDS characterizes the elementsin
each sample because each element has a unique atomic structure allowing unique set of peaks
on its X-ray spectrum. To stimulate the emission of characteristic X-rays from a specimen, a
high-energy beam of charged particles such as electrons or protons, or abeam of X-rays, is
focused into the sample being studied. At rest, an atom within the sample contains ground
state electrons in discrete energy levels or electron shells bound to the nucleus. The incident
beam may excite an electron in an inner shell, gecting it from the shell while creating an
electron hole where the electron was. An electron from an outer, higher-energy shell then
fillsthe hole, and the difference in energy between the higher-energy shell and the lower
energy shell may be released in the form of an X-ray. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer. Asthe
energy of the X-raysis characteristic of the difference in energy between the two shells, and
of the atomic structure of the element from which they were emitted, this alows the
elemental composition of the specimen to be measured.
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Figure 9. Quantitatively deter mination of chemical compositions (right screen)

Mercury intrusion porosimetry

Mercury porosimetry is a technique used to determine pore size and pore volume. The
pore size measurement range is 100 micrometers (um) down to 2.5 nm. Mercury is injected
into the aggregates by high pressure and then extracted thoroughly. The total amount of
intrusion mercury can derive the pore volume of aggregates.

The principle is converting absol ute pressures to apparent intruded pore diameters. The
relationship between pressure and pore size is calculated with equation 2:

__4T(cosB)
Pags

(2)

where:

d = apparent pore diameter being intruded;

T = surface tension of the mercury;

8 = contact angle between the mercury and the pore wall;

P = absolute pressure causing the intrusion;

P = pressure of gas, and

Pags = Pc —PL.

The mercury intrusion volume is read from the equipment directly, and then is converted
to pore volume
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Mercury porosimetry test refer to ASTM D4404-10 Standard Test Method for
Determination of Pore Volume and Pore Volume Distribution of Soil and Rock by Mercury

Intrusion Porosimetry.

lowa poreindex

This test was devel oped by the lowa DOT and used to character the freeze-thaw
susceptible pore systems for coarse aggregates used in Portland cement concrete (Figure 10).
Thistest method was verified by lowa DOT as feasible for the aggregates that could absorb
water at aslow rate. Water inside of aggregate in freezing will cause particle fracture when
the pore system impedes the outward movement of water. This experiment tested the effect

of bio-stabilization on resisting water to access into aggregate.

Figure 10. lowa poreindex testing equipment

From this test, two sets of data are generated: primary pore index and secondary pore
index. The primary pore index is a calibration index which is used to verify if the equipment

isworking normally. The secondary pore index number represents the amount of water
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injected into the capillary pore system of the aggregate. A secondary pore index of 27 or

greater indicates an inability of aggregate to withstand saturated freeze-thaw pressures (lowa

DOT 219-D). The relationship between pore index and dial reading is given as follows:
Primary pore index = (1 minute reading - pot expansion) x (9000 / sample weight)
Secondary pore index = (14 minutes reading) x (9000 / sample weight)

Resistance of concreteto rapid freezing and thawing

Freezing and thawing tests were conducted according to ASTM C666 Standard Test
Method for Resistance of Concrete to Rapid Freezing and Thawing to determine the
resistance of concrete specimens to rapidly repeated cycles of freezing and thawing.
Procedure A, with rapid freezing and thawing in water, was used. A Humboldt H-3185 rapid
freeze-thaw cabinet was utilized to perform the ASTM C666 test (Figure 11).

Figure 11. Humboldt H-3185 rapid freeze-thaw cabinet

The relative dynamic modulus of elasticity of concrete beam was measured during this
experiment. The relative dynamic modulus of elasticity is calculated by following equation,
Pe=(ni#/n?) x 100 (3)

where:
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P. = relative dynamic modulus of elasticity, after ¢ cycles of freezing and thawing,
percent;

n = fundamental transverse frequency at 0 cycles of freezing and thawing; and

n; = fundamental transverse frequency after c cycles of freezing and thawing.

Soundness of aggregate by freezing and thawing

Thistest is conducted according to AASHTO T103-91 Standard Method of Test for
Soundness of Aggregate by Freezing and Thawing to determine the resistance of aggregate to
disintegration by freezing and thawing. Procedure A, total immersion with 50 cycles rapid
freezing and thawing, was used (Figure 12). Before test, aggregates were separated and
weighted according to the grading requirement (Table 4). After the completion of the final
cycle, each sample was dried to constant mass at 110° + 5°C, and sieved over the sieve

shown for the appropriate size of particlein Table 5.

Figure 12. Soundness of aggr egate testing in freeze-thaw cabinet
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Table 4. Grading requirement of aggregates

Size (Squar e-opening sieves) Mass, g
9.5 mmto 4.75 mm materia 3005
12.5 mm to 9.5 mm materia 3305
19.0 mmto 12.5 mm materia 670+ 10
25.0 mm to 19.0 mm materid 500 + 30
37.5 mm to 25.0 mm materid 1000 + 50
63.0 mm to 37.5 mm material 5000 + 300

Tableb. Sieve sizefor determination of weight loss

Size of aggregate Sieve used to determineloss
63.0 mmto 37.5 mm 31.5mm
37.5mmto 19.0 mm 16.0 mm

19.0 Mmto0 9.5 mm 8.0 mm
9.5mmto4.75 mm 4.0 mm

Soil index tests

Three soil index properties were gathered in this research, soil classification, specific
gravity, and absorption. The materiasin this study were classified according to ASTM
D2487-11 Standard Practice for Classification of Soils for Engineering Purposes (Unified
Soil Classification System).

Specific gravity, the relative density of material as compared to the density of water at
23°C, isused to calculate the volume occupied by aggregate in mixtures containing
aggregate, such as Portland cement concrete. Absorption reflects the quantity of water
absorbed by aggregate that can influence concrete mix design. Tests for specific gravity and
absorption were conducted according to ASTM C127-01 Standard Test Method for Density,
Relative Density (Specific Gravity), and Absorption of Coarse Aggregeate.
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CHAPTER 4. MATERIALS

This chapter describes the materials used in this research. Several materials were used in
this study including: standard silica sand, low volume unpaved road surfacing materials from
160" avenue in Boone County and Vail Avenuein Hamilton County in lowa, concrete
pavement coarse aggregate, porous ceramic disks, microorganism Bacillus pasteurii, and

liquid medium mixtures.

Bio-stabilization materials

Bacillus pasteurii and liquid incubation medium are the bio-stabilization materials used

in this project.

Bacillus pasteurii

Bacillus pasteurii occurs naturally in soilsin small quantities. Instead of culturing the
microorganism from soil, freeze-dried Bacillus pasteurii was purchased from the American
Type Culture Collection (ATCC) (Figure 13). This microorganism (ATCC catalog number
6453) has a biosafety level 1 rating, and, according to the United States Centers for Disease
Control and Prevention (CDC), is suitable for work involving well-characterized agents not
known to consistently cause disease in healthy adult humans, and of minimal potential hazard

to laboratory personnel and the environment.

e

-

Figure 13. Bacillus pasteurii (ATCC catalog No. 6453)
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The microscopy view (Figure 14) shows that Bacillus pasteurii are rods that are usualy
0.5-1.2 um in length. The optimum growth conditions for Bacillus pasteurii are 30°C,
aerobic environment, and proper incubation medium (ATCC). Each of these factorsis
discussed in detail later in this chapter. Bacillus pasteurii prompt precipitation, so this

microorganism is a good candidate for soil stabilization research.

Figure 14. Microscopy view of Bacillus pasteurii

Liquid incubation medium

Agar is used to support nutrients when solid medium is needed.

Liquid medium was prepared to provide proper nutrients and catalysts. The liquid
medium consists of four reagents. Y east extract provides nutrients and Vitamin B for the
bacteriato reproduce. Vitamin B is a growth factor that makes bacteria grows fast.
Ammonium sulfate and ammonium chloride provide nitrogen that is used by bacteria amine
groups, enzyme and other proteins. Tris buffer can stabilize pH value of medium. The
reagents of liquid medium arelisted in Table 6.
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Table 6. Formulafor making 1.0 L of theincubation liquid medium

Reagent Amount
Y east extract 20.0g
(N H4)2804 or NH4C| 10.0 g
0.13 M Tris buffer (pH 9.0) 10L

After the completion of the bacteria culture, calcium chloride (CaCl,) was added to liquid
medium to provide Ca?* that reacts with COs” to precipitate calcium carbonate (CaCOs).
CaCO; acts like glue to bond soil particles.

These constituents can be used to compare with energy dispersive x-ray spectroscopy
(EDS) elemental anaysis. EDS quantifies the component elements of target material. Then
the element that takes effect on bio-stabilization can be identified. Details of the components

of the constituents are provided in Table 7.

Table 7. Quantity of ingredientsfor different reagents (as stated on bottle labels)
Calcium chloride (CaCly)

Assay 100.10%
Ammonium <0.005%
Barium (Ba) <0.005%
Heavy metals (as Pb) <5.0 ppm
Insoluble matter <0.01%
Iron (Fe) <0.001%
Magnesium 0.001%
Oxidizing substances <0.003%
Potassium (K) <0.001%
Sodium (Na) <0.002%
Strontium (Sr) <0.01%
Sulfate (SO,) <0.01%
Tris(C4H 11N03) Y east extract
The Lintner’s average composition of the
Copper (Cu) <1 ppm ash left on incinerating yeast
Lead (Pb) <1 ppm Potassium oxide (K20) 335
Ammonium chloride (NH4CI) (including alittle Na&,O) '
Assay 99.90% Magnesia (MgO) 6.1
Caand Mg precipitate 0.001% Lime (CaO) 55
Heavy metals (as Pb) 3 ppm Iron oxide (Fe;O3) 0.5
Insoluble matter 0.004% Phosphoric acid (P,Os) 50.6
Iron (Fe) 1 ppm Sulphuric acid (SO5) 0.6
Phosphate (PO,) 1 ppm Silica(SO,) 13
Sulfate (SO,) 0.001% Ingredients not determined 19
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Porous ceramic disks

To study the application of bio-coating for micro-porous material, hydrophilic porous
ceramic disks were subjected to treatment (Figure 15). According to the disk manufacturer,
these disks “meet demanding pressure and high temperature conditions with consistent pore
structures and uniform hydraulic conductivity. The open pore structure provides a convol uted
path of interconnecting networked channels, allowing complete flow through the material for

migrating liquids” (Small Parts Inc. product description). The properties of these disks are as

¥FI T

in the following Table 8.

.1.,

-

s -

Figure 15. Ceramic hydrophilic porous disk after bio-treatment

Table 8. Specifications of porous ceramic disks

Diameter (in.) 1.125

Thickness (in.) 0.281

Color Pure white

Air entry value (bars) 0.5

Upper temperature range (°C) | 805

Nominal pore size (um) 6
Geomaterials

Four types of geomaterials were tested in this study, standard silica sand, surface material
from an unpaved road on 160™ Street in Boone County in lowa, surface material from

unpaved road on Vail Avenue in Hamilton County in lowa, and concrete coarse aggregate.
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Standard Silica Sand

The standard silica sand was clean, dry, and free-flowing uncemented sand that were
used to test the effects of bio-stabilization (Figure 16). DeJong et al. (2006; 2010) verified
that bio-stabilization works well for standard silica sand. The process used by DeJong et al.
(2006, 2010) was revised in this study. To verify the new process, standard silica sand was
purchased from AGSCO Corporation. The bulk density of the sand does not vary more than
1% which meets ASTM D1556-07 Standard test method for density and unit weight of soil in
place by the sand-cone method. All of these data tested refer to ASTM D2487-11 Standard
test method for classification of soilsfor engineering purposes (unified soil classification

system).

Figure 16. Standard silica sand without bio-treatment

Thedatain Tables 1 and 2 were provided in a certification letter from AGSCO
Corporation (June, 2010). Table 9 presents the soil index properties of silicasand and Table

10 shows the sieve analysis of the sand.

Table9. Silica sand index properties

Sail index Value
Porosity 40%
Specific gravity 2.65
Uniformity coefficient 1.4
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Table 10. Silica sand sieve analysisresults

Sievesize Per gent
retained

#20 0.2%
#25 0.6%
#30 2.0%
#35 14.1%
#40 28.6%
#50 49.0%
#60 3.5%
Pan 2.0%
Total 100.0%

Surface material from an unpaved road on 160" Street in Boone County, lowa
This soil came from 160" Street in Boone County in lowa. The samples were taken about
one kilometer west of the Boone and Story County line (Figure 17). Table 11 presents the

soil index properties of the soil, and Table 12 shows the sieve analysis of the sail.

Figure 17. Surface material from 160th Street in Boone County, |owa
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Table 11. 160™ Street soil index properties

Soil index Value
PL = NP
Atterberg limits LL =NV
Pl = NP
Classification |22 =SP-SM
AASHTO = A-1-b
D35 =9.793
Deo =2.416
D50 =1514
.. D3o =0.611
Coefficients Dyc = 0.284
D]_o =0.179
C,=1351
C.=0.87
Table 12. 160" Street soil sieve analysisresults
Sevesize Percent finer
(%)
15 100.0
1 99.2
3/4 94.5
1/2 88.5%
3/8 84.6%
#4 73.4%
#10 56.0%
#20 37.3%
#40 22.3%
#60 13.2%
#100 8.9%
#200 6.8%

The soil was classified as SP-SM (poorly graded and silty sand) on the Unified Sail
Classification System (USCS). The particle size distribition chart shows that the soil consists
mostly of sands with few non-plastic fines. Figure 18 shows the particle size distribution of

the 160" street soil.
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Particle Size Distribution
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Figure 18. 160" Street soil particle size distribution

Surface material from an unpaved road on Vail Avenuein Hamilton County, lowa

The soil came from a portion of Vail Avenue which is a north-south, low volume
unpaved road located in Hamilton County in lowa where freeze and thaw damage frequently
occurs (Figure 19). Freezing and thawing action induces physical changes to granular surface
roads that can negatively impact users and result in increased maintenance costs. Bio-
stabilization could be used to mitigate the negative effects.
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Figure 19. Surface material from Vail Avenuein Hamilton County, | owa

Table 13. Vail Avenue soil index properties

Soil index Value
PL = NP
Atterberg limits LL =NV
Pl = NP
USCS=SM
AASHTO = A-2-4(0)
Dgs = 6.125
Deo =1.017
Dsp = 0.447
D30 =0.122
D15 =0.011
D1 = 0.004
Cy=269.12
C:=3.90

Classification

Coefficients




33

Table 14. Vail Avenue soil sieve analysisresults

Sievesize Percent finer

1 100.0%
3/4 99.0%
3/8 91.4%
#4 80.9%
#10 66.7%
#20 58.3%
#40 49.2%
#60 40.1%
#100 32.4%
#200 25.5%

The following is the particle size distribution of Vail Avenue soil. Based on the USCS,
the soil is SM, silty sand. In the particle size distribition chart, fine gravel, sand, and silt are
majority of thistype of soil. More than 50% of the soils are sand, and 19.1% of the soil is
composed by gravel. So the soil is non-plastic.

Particle Size Distribution
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Figure 20. Vail Avenue soil particle size distribution




Concrete pavement coar se aggr egate
The concrete aggregates come from Winterset Ledge in southwest of lowa. Martin
Marietta Materials Company produced these materials (Figure 21).

Figure 21. Concr ete coar se aggr egates without bio-treatment

To ensure that this material is acandidate for research two tests we conducted, the lowa
pore index test and mercury intrusion porosimetry test. The pore index test showed that the
aggregate had a secondary poreindex of 28, so it is classified in the durability class 2 (lowa
DOT manual, 2010). We also conducted gradation for the aggregates (Table 15).

Table 15. Concrete pavement coar se aggregate index properties

Index Value
PL = NP
Atterberg limits LL =NV
Pl = NP
Classification USCS=GP
Dgs = 20.402
Deo = 14.996
Dgo = 13.138
D30 =9.39%4
D15 =6.890
D10 =6.073
Cu.=247
C.=0.97

Coefficients
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Table 16. Concr ete pavement coar se aggr egate sieve analysisresults

Sievesize | Percent finer
15 100
1 98
3/4 80
1/2 48
3/8 31
#4 3
#3 1
#10 1
#16 0
#40 0

#100 0
#200 0.1

The aggregate was classified as GP (poorly graded gravels) based on the USCS. The
particle size distribution chart shows that the soil consists mostly of gravels. Figure 22 shows

the particle size distribution of the concrete pavement coarse aggregate.
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Figure 22. Concr ete pavement coar se aggr egate particle size distribution

The other index properties of the aggregates are in the following table.
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Table 17. Specific gravity and absor ption of coar se aggr egate

Mass1(g) | Mass2(g) | Average
Specific gravity (SSD) 253 2.56 254
Absor ption (%) 4.54% 3.61% 4.08%
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CHAPTER 5. RESULTS AND DISCUSSION

This chapter presents and discusses the results from two laboratory studies, increasing the
strength of granular soil samples and plugging pores of coarse aggregate. For increasing
strength of granular soil, unconfined compressive strength tests, scanning electron
microscopy, and different bio-treatment cycle tests were performed using silicasand and a
typical granular surface materia for an lowa unpaved road. For plugging pores of concrete
aggregate tests, lowa pore index tests, mercury intrusion porosimetry, scanning electron
microscopy, X-ray diffraction, and different bio-treatment cycles were performed for using

an lowa concrete aggregate.

Increasing strength of granular soil

Two cycles of bio-treatment of silica sands were studied to increase their unconfined
compressive strength. After treatment, unconfined compression tests were performed to
verify the effects of bio-treatment followed by scanning el ectron microscopy (SEM) to
analyze the micro structure of the material. X-ray diffraction tests (XRD) were used to

determine the constituents of the bio-precipitates.

Bio-treatment media and treatment cycles

The untreated, loose silica sand has functional property but no cohesion and therefore no
unconfined compressive strength. Bio-stabilization was performed for sand in using single
cycle and double cycle treatments in two liquid media. American Type Culture Collection
(ATCC) recommends a liquid medium for bacteria incubation that contains (NH4)2SOj.
However, because SO,* can be harmful for some civil engineering materials and the
environment. So cultured Bacillus pasteurii in an NH4CI liquid growth medium was studied.
The bacteria grew well in both media after two days. Both the (NH4),SO, and NH,4CI liquids

are brown to yellow and there is no visual difference (Figure 23).
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Figure 23. Liquid medium with bacteria contains NH4Cl (left) and (NH4)2SO4 (right)

Nine samples were prepared for each of the two treatment cycle groups, single treatment
and doubl e treatment of samples treated with both the NH4Cl and (NH,)2SO,4. The single
treatment cycle lasted 5 days and the double treatment cycle lasted 10 days.

Unconfined compression tests

The 5-day (single treatment) and a 10-day (double treatment) bio-treatment cycle
included three curing conditions: saturated, air dried, and oven dried. All of the samples were
0.115 ft in diameter because they were al prepared in the same sized molds (0.115 ft x 0.24
ft). The diameter is expressed in feet for ease of calculating force from the calibration
certificate. Figure 24 shows a silica sand sample that failed after unconfined compression
testing. We determined the corresponding force based on calibration certificate and used
following equation to cal culate the corresponding pressures

o= P/A (4)
where:
P = given applied load, kPa; and

A = corresponding average cross-sectional area, mm>.
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Figure 24. Failed silica sand sample after unconfined compression

The following sections provide the compressive strength results. The next section shows
the results of bio-stabilization using the NH,4Cl medium, and the following section shows the
results using the (NH4),SO4. To verify the effects of bacteria on silica sands, we conducted
experiments on samples treated with each liquid medium that did not contain any bacteria.
For each group of experiments, we divided each group into three sub-groups: saturated, air-
dried, and oven-dried. Saturated means after bio-treatment the samples were fully saturated
with water. Air-dried means after bio-treatment we put the samples outdoors to dry. Oven-
dried means after bio-treatment we put the samples into oven which supply a constant 110 °C

temperature to dry the samples.

Compressive strengths from the NH4Cl liquid medium
We ran a 5-day and a 10-day bio-treatment cycle of three samplesin three conditions,

saturated, air dried, and oven dried. From these strength data, we can easily find that bio-
treatment has remarkabl e effect on increasing strength of material.

The oven-dried samples had 3-6 times greater strength than air-dried samples. The
saturated samples did not perform any strength. It is worth noting that doubl e bio-treatment
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with NH4CI ligquid medium and oven-dried samples performed a huge increase of strength.
So we picked some pieces of that sample to conduct X-ray diffraction test in order to analyze
the constituents of the material.

The gauge reading sheet only provides corresponding force values when reading values
are 50 or greater so any gauge reading below 50 means almost no compressive strength.

Bio-stabilization is best fit for silica sands, especialy after two cycles bio-treatment. In
Figure 25, silica sand samples have higher UC strength compared to SM soil and SP-SM soil
samples. Double bio-treatment can significantly improve the UC strength of silicasand
samples, especially after oven-dried treatment. For SM soil and SP-SM soil, bio-treatment
also increased the UC strength from O to around 1000 psf, and even to around 2000 psf after
oven-dried treatment.

39000 -
36000 -
33000 -
30000 4 silica sand NH,ClI single
27000 - —+— silica sand NH,ClI double
o SM soil NH,Cl single
&S 24000 - o g
— —+— SM soil NH,Cl double
£ 21000 A . ,
o —+— SP-SM soil NH,Cl single
g 18000 - SP-SM soil NH,CI double
® 15000 -
8 12000
9000 -
6000 -
3000 - / ——¢
|
O .
T T T
saturated air-dried oven-dried

Figure 25. UC strength of sampleswith NH,4Cl medium treatment

Compressive strengths from the (NH,)»,S04 liquid medium
From these data (Figure 26), we can see the similar effect when we used (NH4)2SO, in

liquid medium. The oven-dried samples performed higher strength than air-dried samples.
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The gauge readings for the samples saturated were too small to convert to force and strength
values. Also oven-dried can help bio-treatment to improve UC strength of samples. And

silica sand samples performed higher strength than SM soil and SP-SM soil samples.

39000 -
36000 -
33000 1 —x— silica sand (NH,),SO, single
30000 + silica sand (NH,),SO, double
— 27000 - SM soil (NH,),SO, single
8 24000 - —%— SM soil (NH,),SO, double
S 21000 A —x— SP-SM soil (NH,),SO, single
qg; 18000 - SP-SM soil (NH,),SO, double
% 15000 -
8 12000
9000
6000 - /
3000 a
0- /w

saturated air-dried oven-dried
Figure 26. UC strength of sampleswith (NH4),SO4 medium treatment

We also prepared double bio-treated SM soil samples with NH4Cl in order to examine the
effect of lower temperatures oven-dried (Figure 27). SM soil samples have highest UC
strength under 110 °C oven-dried condition. Lower oven-dried temperature, lower UC
strength.
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Figure 27. UC strength of SM soil samples at different oven-dried temperature
Summary of unconfined compression tests

Bio-treatment increases the strength of silica sands, SM soil, and SP-SM soil. The
strength of silica sand increased much more than the other materials. Doubl e bio-treatment
has more improvement on soil samples. In addition, the strength increasing is greater for
oven-dried samples after bio-treatment. Thus we suppose more bio-treatments can increase
the strength continuously.

The bio-treatment effects and strength improvements are similar for NH4Cl or (NH4)2SO4
liquid media. However, sulfates promote the formation of sulfuric acid that will damage
concrete so NH,4Cl would be a better choice as a medium for incubating microorganism for
bio-stabilization.

Higher oven-dried temperature helps improve the strength and may prompt minera
forming reactions (Figure 27).

In addition, silt and clay decrease bio-stabilization effects (Table 18). The higher the silt
and clay content, the lower the unconfined compressive strength. So thisisthe reason why
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average compressive strengths of soilsfor SM soil and SP-SM soil samples are lower than

silica sand samples. This opinion is also verified by DeJong 2010.

Table 18. Silt and clay content of granular soil

Materials Silt and clay content
SP 0.0%
SP-SM 6.8%
SM 25.5%

Scanning electron microscopy (SEM)

We used SEM to show the detailed structure of bio-treated samples. We first examined
untreated silica sand at three magnification, 50x (Figure 28), 300x (Figure 29), and 3000x
(Figure 30). Figure 28 shows the regular shapes of the particles and that there are voids
between the particles. Figure 29 shows the surface of one particle that is relatively smooth
with no other substances. At 3000x magnification some cracks, embossing, and cavities are
evident (Figure 30).

1 mm

Figure 28. 50x magnification of untreated silica sand
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Figure 30. Silica sands without bio-treatment (3000x)
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After examining the untreated silica sand, we then examined the bio-treated silica sand at
10 magnification, 50x (Figure 31), 100x (Figure 7), 200x (Figure 33), 300x (Figure 34), 350x
(Figure 35), 600x (Figure 36), 1000x (Figure 37), 1400x (Figure 38), 1500x (Figure 39), and
3000x (Figure 40). Figure 31 shows some voids between sand particles were filled or semi-
filled and the surfaces of sands were rough. Figure 7 shows there were some small particles
attached on the surfaces of sands. Figure 33 presents there are some produced layers on the
surfaces. Figure 34 shows a silica sand particle was covered by bio-precipitates and there are
some lumps exist. Figure 35 and Figure 36 show the voids between particles were not filled
totally, but there are some substances exist in the void. In Figure 37, Figure 38, Figure 39 and
Figure 40, the magnification is large enough to examine the shape and texture of bio-
precipitates. The bio-precipitates are consisting of some bar-like, lumpy, squamous and
irregular substances. They attached together and glued the silica sand particles.

WD [spot|mag @ | det press_lfe_
0.0mm 40 | 50x 3SED | 101 Pa

Figure 31. Silica sands with bio-treatment (50x)
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Figure 32. Silica sands with bio-treatment (100x)

Figure 33. Silica sands with bio-treatment (200x)
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In Figure 35, there are some bio-precipitates attached on the boarder of particles. And
between particles, these bio-precipitates formed joints to bond particles together, although
the precipitates were disturbed or broken.



——— 50 ym ——

Figure 36. Silica sands with bio-treatment (600x)
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Figure 38. Silica sands with bio-treatment (1400x)
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In Figure 39, there are four points that indicate different substances from SEM view.
Then we ran energy dispersive x-ray spectroscopy (EDS) to analyze the element of these
substances. The EDS results arein Table 19 and Table 20.

1 Pa

Figure 39. Silica sands with bio-treatment (1500x)

Table 19 shows there are three elements detected by EDS for untreated silica sands. So
the silica sand consists of oxygen, aluminum, and silica. Compared to untreated silica sand,
bio-treated silica sand has some more elements exist. For point 3 and point 4, the elemental
analyses show there are large amount of calcium and sodium. And based on the result of
XRD, the minerals produced by bio-treatment consist of these elements. So we believe point
1 indicates minera Calcite, and point 3 indicates mineral Albite.
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Table 19. Elemental analysis of untreated silica sand

Element | Atomic% | Weight %
O 57.391 43.427
Al 0.469 0.598
Si 42.140 55.975
Tota 100.000 100.000

Table 20. Elemental analysisfor bio-treated silica sand

1500x, point 1 1500x, point 2
Element | Atomic% | Weight % | Element | Atomic% | Weight %
O 53.191 35.351 O 57.264 37.724
Na 0.428 0.409 Na 0.202 0.192
Al 0.177 0.199 Al 0.076 0.085
Si 15.981 18.645 Si 11.917 13.781
P 0.041 0.053 P 0.085 0.109
S 1.493 1.989 S 2.561 3.381
Cl 22.844 33.642 Cl 6.767 9.878
K 0.417 0.677 K 0.336 0.541
Ca 5.428 9.036 Ca 20.791 34.309
Tota 100 100 Tota 100 100
1500x, point 3 1500x, point 4
Element | Atomic% | Weight % | Element | Atomic% | Weight %
O 52.685 35.195 O 52.13 36.856
Na 0.748 0.718 Na 0.091 0.092
Al 0.269 0.303 Al 0.191 0.227
Si 18.949 22.221 Si 37.949 47.097
P 0.008 0.011 P 0 0
S 10.317 13.813 S 1.584 2.245
Cl 3.649 5.401 Cl 3.752 5.877
K 1.037 1.694 K 0.388 0.671
Ca 12.337 20.645 Ca 3.915 6.934
Tota 100 100 Tota 100 100




Figure 40. Silica sandswith bio-treatment (3000x)

From above figures, we can easily find the huge difference between bio-treated silica
sands and untreated silica sands. Some substances tried to fill out the void between particle
and particle. The shapes of these substances are various, including round, flat, clubbed,
irregular. These substances are assumed to be bio-precipitates produced by bacteria we used.
These precipitates assembled together and almost covered the surface of the silica sands. The
bio-precipitation bonded particle to particle together like glue. Thisis the reason why bio-
treatment is capabl e to increase the strength of samples.

X-ray diffraction (XRD) test

In order to examine the constituents of bio-precipitates, XRD tests were conducted. There
are 4 main constituents were found (Figure 42): calcite-CaCOs, dolomite-CaMg(COs3),,
quartz—SiO,, and albite-(Na, Ca)(Si, Al)4Os. Based on the Mohs’ scale of hardness (Table
21), calcite has a 3-scale hardness, dolomite has a 3.5-scale hardness, quartz has a 7-scale
hardness, and albite has a 6.5-scale hardness. Only quartz and albite have large hardness.

From XRD result for untreated silica sands (Figure 41), the constituent was quartz, so the
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calcite, dolomite, and albite came from bio-stabilization process. And Albite is assumed to be

the reason why bio-stabilization can increase the strength of silica sand samples.

Silica Sand
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Figure41. XRD resultsfor untreated silica sand



SOR{Counts)

‘ 1
% \m.\-m\\‘w-m ” H }\ |H| J|‘ r J‘l lln|| »
\"“*Mw ,-\J-Uu' Ll.'\w,f IUVI"..J jl | uw*u' !Ul.,-lll\w.l i‘;ﬁd !I'L.;ﬁ'J LJ l\‘!‘L,'l | f L;.,-' Y I'HM

Bio-stabilized quartz sand. passing#100 sieve. bulk powder

\
p_ o)
Mﬂ.k_,'lll] l'»-urd V \f v "',J-,/

01-078-4615> Calcte - CaiCOy)

01-085-0768> Quartz - S0z

|

Ll

00-005-0456> Albte - (Na,Ca)(SiAINDs

I lm ILMMJ

10 30

40
Two-Theta (deg)

60 T

Figure42. XRD resultsfor bio-stabilized silica sand

Table 21. Mohs’ scale of hardness (Mohs, 1773-1839)

Mineral
Tac
Gypsum
Cacite
Fluorite
Apatite
Feldspar
Quartz

Topaz
Corundum

Hardness scale

©| 0O Nl O O | W| N| B

10 Diamond

1issoftest, 10 is hardest
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Plugging pores in concrete aggregate

We used bio-stabilization to plug the poresin concrete aggregate. The original concrete
aggregates were low quality and had relatively large pores that are susceptible to D-cracking
so we bio-treated the aggregate in ten cycles. After treatment, we ran lowa pore index and
mercury intrusion porosimetry tests to determine the quality and size distribution of pores
inside the aggregates. Freezing and thawing tests were conducted to evaluate the durability of
bio-treated concrete. Then we used scanning el ectron microscopy and X-ray diffraction to

detect and analyze the micro-structure and material constituents of the aggregate.

Bio-treatment cycles

The properties of concrete aggregates have already been discussed in the previous
chapter. The bio-treatment method is similar with silica sands and described in the method
chapter. We designed 11 groups of experiments corresponding with number of bio-treatment
cycles. So we divided them into 0-cycle bio-treatment to 10-cycle bio-treatment. ATCC
recommends a liquid medium which contains (NH4)».SO, used for bacteria incubation.
However, SO,* is harmful for civil engineering material and environment. So we used
NH4CI to replace (NH,4)2.SO, for preparing liquid medium.

Thereis no difference between (NH,4)>.SO,4 and NH,4CI liquid medium when we detect
them by naked eyes. The color of liquid medium is brown to yellow. We cultured same
bacteria and put them in a same incubator shaker. After two days, the bacteria grew well in
both of them.

lowa poreindex test
Thistest is used to determine the pore volume of concrete aggregates. All datawere

gathered from lowa DOT material research center.

Table 22. lowa poreindex of concrete aggregates

Sample Primary poreindex | Secondary poreindex
Aggregates from Fort Calhoun 16 30
Aggregates from Winterset Ledge 88 28
Bio-treated aggregates 16 25

Note: original aggregate are relative good quality and come from lowa DOT; new aggregate come from
Winterset Ledge in southwest of lowa and are relative bad quality.
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The primary pore index represents the water volume that comes into pores of aggregates
at the first one minute. During the first one minute of running equipment, relative large pores
will befilled by water. Thisindex is usually a control value that indicates whether the
equipment is leaking or not. The secondary pore index represents the amount of water
injected into the aggregate capillary pore system 0.1 to 0.01 micrometer radius (lowa 219C,
2000).

The original and new aggregates both are untreated. From above results, the primary pore
index of new aggregates is much larger than the origina aggregates. So the new aggregates

have more amount and larger size pores than original aggregates.

Table 23. Quality of aggregatesrefer to secondary poreindex (lowa DOT manual,

2010)

Durability class Quality Test limits | Test method
Class 2 Secondary pore index Max. 30 lowa 223
Class 3 Secondary pore index Max. 25 lowa 223
Class 3i Secondary pore index Max. 20 lowa 223

Note: Class 3i isthe best quality level, then class 3, and then class 2.

Comparing the secondary pore index of our aggregates to lowa DOT durability class, we
can see our aggregates are in class 2 level. It means the aggregates have arelative low quality
to withstand saturated freeze-thaw pressures. But after bio-treatment, the aggregate durability
class changed to class 3, which is better quality than class 2.

For the bio-treated aggregates in Table 22, the secondary pore index decreased alittle.
Theoretically, after bio-treatment the pores of aggregates should be plugged and the volume
of pores should decrease apparently. After discussion and analysis, we think the bio-
precipitates are sensitive to water. Thisis aprimary reason why bio-treatment increased

secondary index alittle. During UC tests, the saturated soil samples cannot perform strength.

Mercury intrusion porosimetry
In this testing, we have 11 groups of experiment. They are different from the bio-
treatment cycles. O-treatment means no treatment applied on aggregates, 2-treatment means

two bio-treatment cycles (10 days) applied on aggregates, and 5-treatment means 5 bio-
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treatment cycles (25 days) applied on aggregates. All raw data are attached in the Appendix.

Table 24 isasummary of intrusion data.

Table24. Mercury intrusion porosimetry data summary

Bio-treatment cycle | Total intrusion volume (mL/g)
O-treatment 0.0697
1-treatment 0.0435
2-treatment 0.0371
3-treatment 0.0385
4-treatment 0.0599
5-treatment 0.0255
6-treatment 0.0199
7-treatment 0.028
8-treatment 0.0267
9-treatment 0.0529
10-treatment 0.0528

After bio-treatment, the total intrusion volume is decreased in order of treatment cycles
increasing until 6-treatment. It means the pores of aggregates are plugged by bio-precipitates
and pore volume decreased. There are still some pores exist, and these pores come from bio-
precipitates and some inner pores were not plugged.

We used the mercury intrusion porosimetry raw datato plot some figures for analysis,
cumulative intrusion vs. pore size (Figure 43), incremental intrusion vs. pore size (Figure
44), differential intrusion vs. pore size (Figure 45), log differential intrusion vs. pore size
(Figure 46), and pore size distribution (Figure 47). Both of these figures can present the pore
size data at different treatment cycles. Figure 43 clearly shows the cumulative volume of
mercury intrusion at different treatment cycles. The cumulative intrusion volume began to
increase from pore size 0.5-0.9 ym, and at pore size 0.002 ym, the volumeistend to
constant. The bio-treatment effect is obvious, the cumulative intrusion volume summarized
in Table 24. The cumulative intrusion volume of O-treatment is 3.5 times more than 6-
treatment. The decrease of pore volume reflects the pores of aggregates were plugged by bio-
precipitates.
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Figure 43. Cumulativeintrusion versus pore size at different treatment cycles

Incremental intrusion vs. pore size (Figure 44) presents the pores of aggregates
distributed from 0.03 ym to 1 ym. The raw aggregates have two peak values; oneisfrom
0.28 ym to 0.5 pym, another oneis from 0.07 um to 0.28 um. And the incremental intrusion
volume reached to 0.012 mL/g and 0.0056 mL/g, respectively. This means the pores of
aggregates mostly consist of these two pore size ranges. Vernon and Wendell (1982) proved
nondurable aggregates associated with D-cracking pavements exhibited a predominance of
0.04 umto 0.2 ym diameter pore sizes. If the pore size isin this size range, the aggregates are
most susceptible to freeze and thaw effect. After 5 bio-treatment cycles, the size of
aggregates pores were decreased to 0.28 pm-0.4 pm and 0.1 pm-0.28 um. More remarkable,
the incremental intrusion volumes were decreased to 0.004 mL/g, and 0.0028 mL/g,
respectively. Even after six cycles of bio-treatment, the aggregate pore size was decreased to
0.11 pm 0.18 um. the incremental intrusion volume was decreased to 0.0199 mL/g. The
pores occurred in original material were plugged effectively. Six cycles of bio-treatment
changed the pore size around three times smaller than untreated material.
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Figure 44. Incremental intrusion versus pore size at different treatment cycles

Differential intrusion and log differential intrusion are another two expression method for
mercury intrusion porosimetry. They could reflect the pore size distribution changes more
intuitional. In Figure 45, the differential intrusion value rose and fell apparently, and there
are some peaks we can detect. These peaks represent intrusion volume and the corresponding
pore size ranges which take most of mercury. In mathematics, the differential isaliner
description of local change rate of function. The derivative plot has the virtue of clearly
identifying points of inflection, which in this case shows us where clusters of pores of a

particular diameter occur.
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Figure 46. Log differential intrusion versus pore size at different cycles

From the following bar chart of pore size distribution (Figure 47), we can easily find the
pores of aggregates are mostly consisting of 0.04 ym-2 pm size pores. The pores of 6-cycle
bio-treated aggregate are concentrated on 0.04 ym-0.2 ym that most susceptible for D-
cracking. So the optimum cycles of bio-treatment need to be evaluated in the future. In
addition, the mercury intrusion volumes are amost decreased in order of bio-treatment cycles
increasing except after 6-cycles. Few exceptions probably are caused by experiment errors.
Further bio-treatment after 6-cycle looks increasing the pores between 0.04 ym-0.4 pm. We

suppose the reason is bio-precipitates themsel ves contain alot of pores.
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Figure 47. Pore size distribution at different treatment cycles

Consequently, based on these results, we believe bio-stabilization is capable to reduce
porosity of coarse aggregate to achieve mitigation of freezing and thawing impact and
increased durability of concrete pavement.

Freezing and thawing test

To evaluate the durability of bio-treated aggregate concrete and untreated concrete, we
mixed fresh concrete and conducted compression and freezing thawing test. The coarse
aggregates were bio-treated and mixed with cement, sands and water. The control group used
untreated coarse aggregates mixed with cement, sands and water. During concrete mixing,
some ammonia smell-like gas was emitted and lower water absorption was obvious
compared to control group. We gathered three main data during test, compressive strength,
weight loss and relative dynamic modulus of elasticity. The untreated concrete beams were

failed after 90 freezing thawing cycles, the average dynamic modulus is 57.98%. ASTM
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C666 suggests no to continue testing if dynamic modulus less than 60% of original.
However, after 90 freezing thawing cycles, bio-treated aggregate concrete beams have
76.18% for average dynamic modulus. Even after 120 freezing thawing cycles, the dynamic
modulus of bio-treated aggregate concrete beams is still higher than untreated concrete
beams at 90 freezing thawing cycles (Figure 48). The relative dynamic modulus of untreated
concrete is sharply decreased after 60 freezing and thawing cycles. This indicates bio-
treatment for coarse aggregate is capable for improving concrete durability. One possible
influence for bio-treated aggregate concrete is salts. Because the liquid medium used to
incubate microorganism contains NH4Cl and CaCl, that very bad for concrete durability.
These two types of salt will damage concrete heavily. This evidence further indicates bio-

treatment considerably prevents freezing and thawing damage to concrete.

110
>
2 100 |
o
1%
©
o
y— 90 +
S
wn
=
3
O 80 n
e
O
e
S 709 | _+ Untreated concrete
> )
5 —e— Bio-treated agrgegate concrete
o
g 60 -
o
>
<
50 T T T T T

0 30 60 90 120 150
Freeze&thaw cycle

Figure 48. Variation of relative dynamic modulus after freeze and thaw

In addition, we weighed the beams every 30 freezing thawing cycles (Figure 49).

Although untreated concrete lost less weight than bio-treated aggregate concrete at the first
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90 cycles, rapidly decreasing of weight indicates freezing and thawing effect damaged
untreated concrete very heavily. The weight loss of bio-treated aggregate concrete isrelative
stable, after 150 cyclesthe weight lossis less than 7%. In addition, soundness of aggregates
by freezing and thawing test (AASHTO T103-91) was conducted. The weight loss of
untreated aggregate after 50 freezing and thawing cyclesis 26.3%, and it is 20.9% for bio-
treated aggregate. Thereis 5.4% difference, in terms of improvement, it is 20.5%. This
results reinforced that bio-treatment is capable to increase the durability of porous aggregate.
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Figure 49. Variation of weight change after freeze and thaw

The following photos showed damages of concrete after each 30 freezing thawing cycles.
From these two photos, it is obvious that untreated concrete beam was damage heavier than
bio-treated aggregate concrete.
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Figure 50. Untreated concrete beam at different freezing thawing cycles
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Figure 51. Bio-treated aggregate concrete beam at different freezing and thawing cycles

Compression test

The compressive strength of untreated concrete is larger than bio-treated aggregate
concrete after first 7 days wet curing. Because the slump of bio-treated aggregate concreteis
6 in., untreated concrete had 2 in. In addition, the air content of freshly mixed concrete is 5%,



67

and bio-treated aggregate concrete had 6.7%. Higher air content and slump caused lower
compressive strength of bio-treated aggregate concrete. However, after 28 days wet curing,
the air content of untreated concrete and bio-treated aggregate concrete is similar, 5.3% and
4.8%, respectively. So the compressive strength of untreated and bio-treated aggregate
concreteis similar (Figure 52). The air content of freshly mixed concrete is measured by
pressure method (ASTM C231), and the air content of 28-day concrete is measured by
microscopical determination of air-void system (ASTM C457). So the variation of air content

value is acceptable.
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Figure 52. Compressive strength of concrete

Scanning electron microscopy (SEM) test

Before treating concrete aggregates, we used some ceramic plates to prove whether bio-
stabilization is capable to plug in the pores. These ceramic plates have 5 micron poresinside
of them. We examined these plates by SEM at 5 different magnification, 100x (Figure 53),
300x (Figure 54), 1000x (Figure 55), 3000x (Figure 56), and 10000x (Figure 57). Figure 16—
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20 show the untreated ceramic plates. In Figure 53 there are many black dotsfilled in some
white dots. Figure 54 shows the ceramic plate consists of some small pieces, and these small
pieces are not tightly aggregated. Figure 55 presents the surface of ceramic plate isrough,
and between these small pieces there are some voids. Figure 56 reflects the voids more
clearly. Figure 57 shows these small pieces are angular and there are considerable voids
between them.

Figure 53. Ceramic plate without bio-treatment, 100x
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Figure55. Ceramic plate without bio-treatment, 1000x



Figure57. Ceramic plate without bio-treatment, 120000x
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We also examined the bio-treated ceramic plates. Figure 58 shows there are some white
sheets attached on the surface. Figure 59 and Figure 60 show the voids were plugged (white
stuff) and there are some humps. Figure 61 shows the bio-precipitates are flat and at same
level as original ceramic pieces. There are some cracks and concaves that occurred in the bio-

precipitates (Figure 62). In Figure 63, we can see the bio-precipitates plugged the voids edge
by edge.

ik m

Figure 58. Ceramic plate with bio-treatment, 100x
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Figure 60. Ceramic plate with bio-treatment, 700x
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Figure 62.
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Figure 63. Ceramic plate with bio-treatment, 3000x

After verifying the effect of bio-stabilization on surface of material, we also want to
know if bio-stabilization is capable to penetrate the material then plug pores inside of
materials. So we broke and split the porous ceramic disc into two pieces, and we used SEM
to detect the fracture surface. Figure 64 shows the bio-precipitates formed alayer on the
surface of ceramic disc. We can see clearly that beneath the layer there were still some pores
in Figure 65 and Figure 66. After magnifying the view to 3000 times, the pores still existed
in ceramic disc. However, compared to Figure 56, the small particles of disc were not angular
in Figure 66. There are some rounded substances around the small pieces. In addition, the
area of black background was less than showing of Figure 56. It means the bio-stabilization
can penetrate into pores inside of materials. Because the bio-precipitates on the surface
plugged the pores, so the following produced bio-precipitates cannot go into the material.
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Figure 65. Section of ceramic plate with bio-treatment, 500x
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Figure 66. Section of ceramic plate with bio-treatment, 1000x
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Figure 67. Section of ceramic plate with bio-treatment, 3000x
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After verifying bio-stabilization is capable to plug inner pores, then we used SEM to
examine untreated concrete aggregates from Fort Calhoun, Washington. We examined
aggregates at 5 different magnification, 150x (Figure 68), 500x (Figure 69), 1500x (Figure
70), 5000x (Figure 71), 15000x (Figure 72). In Figure 68 the surface of aggregate is not
smooth. Figure 69 and Figure 70 show the surface sags and crests, and the aggregate consists
of many small particles. Figure 71 shows there are some voids (black shadow) that exist.
Figure 72 shows the voids are irregular between particles. These voids are susceptible for
freeze and thaw effect. So they will decrease the durability of concrete.

10.00 kV

Figure 68. Fort Calhoun aggregates without bio-treatment, 150x
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Figure 70. Fort Calhoun aggregates without bio-treatment, 1500x
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Figure 71. Fort Calhoun aggregates without bio-treatment, 5000x
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Figure 72. Fort Calhoun aggregates without bio-treatment, 15000x
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To verifying whether bio-stabilization is capable to plug in the pores of aggregate, we
bio-treated the aggregates and use SEM to examine the differences between raw aggregates
and bio-treated aggregates at 5 magnification, 150x (Figure 73), 500x (Figure 74), 1500x
(Figure 75), 5000x (Figure 76), 15000x (Figure 77). In Figure 73, we found the surface
texture of aggregate are totally different to untreated aggregate. It seems some substances
covered the surface. Figure 74 shows there are some irregular humps attached on the surface.
Figure 75 shows the surface is not smooth, but the texture is not angular. Figure 76 shows
what the bio-precipitates look like. Figure 77 shows the pores of aggregate were plugged, and
there are no obvious voids compared to Figure 72. Based on SEM examination, we believe
bio-stabilization is capable to plug the pores of aggregates. In order to gather accurate effect
and data of bio-stabilization on aggregates, we conducted mercury intrusion porosimetry tests

to get the accurate pore volume and pore size distribution of aggregates.
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Figure 73. Fort Calhoun aggregates with 1 cycle bio-treatment, 150x
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Figure 75. Fort Calhoun aggregates with 1 cycle bio-treatment, 1500x
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Figure 76. Fort Calhoun aggregates with 1 cycle bio-treatment, 5000x
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Figure 77. Fort Calhoun aggregates with 1 cycle bio-treatment, 15000x
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To examine the bio-stabilization effects on lower quality aggregates and difference of
micro structure between different cycle’s bio-treated aggregates, SEM was conducted on raw
aggregates, 1-treatment aggregates, and 10-treatment aggregates. The tested aggregates were
from Winsterset Ledge in southwest of lowa. lowa pore index test and mercury intrusion
porosimetry indicated that the aggregates are porous and low quality. In the following
figures, Figure 78 and Figure 79 showed untreated aggregates, Figure 80 and Figure 81
showed 1-treatment aggregates, Figure 82 and Figure 83 and showed 10-treatment
aggregates. The surface texture of untreated aggregates was flaky and rough. In Figure 79,

there were many pores presented between flaky particles.

1 Pa

Figure 78. Winter set L edge aggr egates without bio-treatment, 1500x
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Figure 79. Winter set L edge aggr egates without bio-treatment, 5000x

After 1 cycle bio-treatment, the surface texture was totally different from untreated
aggregates. In Figure 80, there were some rounded and smooth stuff attached on aggregate
surface. In Figure 81, there were some strip shape matters attached on the sphere. The
diameter of these mattersisabout 1 pum, so it isindicated those are Bacillus pasteurii. The
elemental analysis of these micro structuresisin detail in later section.
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Figure 81. Winterset L edge aggregates with 1 cycle bio-treatment, 5000x
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Mercury intrusion porosimetry indicated that after 6 cycles’ bio-treatment the pore size
was increased. It does not mean bio-treatment isinvalid for decreasing pore size of
aggregates. In Figure 82 and Figure 83, there were many 1jum diameter rounded particles
present. Between these small particles there were many pores, and the structure is relative

loose. This is the reason why 10 cycles’ bio-treatment increased the mercury intrusion
volume.
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Figure 83. Winterset Ledge aggregates with 10 cycles’ bio-treatment, 5000x

After analyzing aggregates, bio-treated and untreated hardened concrete were examined
by SEM. Figure 84 showed that the aggregate and paste tightly connected together. It seems
that there was no stuff between aggregate and paste. Figure 85 showed that there was crack
along the contact surface of the aggregate and paste. This could be evidence that the
durability of untreated concreteislow.
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Figure 85. Hardened concrete without bio-treatment, 500x
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Wecut a2in. x 2in. slab from a hardened concrete cylinder. And the concrete slab was
polished with 70 um, 15 um and 6 um polishing grid, successively. In the following figures,
the aggregate did not contact with paste directly. There was athin and loose layer about 15
pm in thickness. In Figure 89, between two red lines, it is the bio-treatment zone. The
particle shapein this zone is similar with the structure in Figure 80. So this evidence
explained that bio-treated concrete is more durable than untreated concrete.
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Figure 86. Hardened concrete with bio-treatment, 50x
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Figure 87. Hardened concrete with bio-treatment, 168x
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Figure 88. Hardened concrete with bio-treatment, 500x
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Figure 89. Hardened concrete with bio-treatment, 1500x

Energy dispersive X-ray spectroscopy (EDS) test

SEM is used to detect the micro structure of aggregate and concrete. EDS analyzes the
elemental composition of aggregate and concrete. We conducted EDS for untreated
aggregates, 1 cycle bio-treated aggregates, 10 cycles’ bio-treated aggregates, untreated
concrete, and 5 cycles’ bio-treated concrete. C, O, Mg, Al, Si, and Ca are the mgjor
constituents of untreated aggregate (Figure 90). The untreated aggregate was highin Ca, C,
and O (calcite), and it also contained Mg (with Ca, C, and O) from dolomite, and Al, Si, K,
Fe (with O) from feldspar.
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Figure 90. Elemental composition of untreated aggregates

In Figure 91, Cl and P were detected. Cl came from CaCl, treatment medium, and P came
from yeast that provide energy for microorganism. In addition, the quantities of Caand C are
higher than untreated aggregate. Thisindicated that more calcite was detected. Calciteisa

production of bio-treatment.

Figure 91. Elemental composition of 1 cycle bio-treated aggregate

Elemental mapping was plotted to locate and analyze the bio-treatment. Three positions
were examined, round blob, fine texture, and thin rough layer (Figure 92). In Figure 93, Ca
and O are widespread, they come both from the original aggregate and the coating. Cl, and P
areincreased in the round blobs and fine textured area. Al and K are correlated with Si as
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part of the underlying feldspar grains. Si is sometimes found by itself in quartz grains. Mgis
found with Cain dolomite grains. So we confirmed that bio-treatment coating consist of
calcite correlated with P and Cl.

Sample B-A 500x
. . 4

Figure 92. SEM of 1 cycle bio-treated aggregate



Figure 93. Elemental mapping of 1 cycle bio-treated aggregate

Based on the elemental analysis of 10 cycles’ bio-treated aggregate, more Cl and P, less
Mg and Si were detected (Figure 94). Cl and P come from bio-treatment coating, Mg and Si
come from aggregates themselves. So the 10 cycles’ bio-treatment has thick coating layer

than 1-treatment. The thicker layer obscures more of the underlying aggregate.
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Figure 94. Elemental composition of 10 cycles bio-treated aggr egate

Theoretically, the elemental constituents of bio-treatment zone contain Cl and P. These
two elements were already detected in bio-treatment coating. However, there was no obvious
presenting of Cl and P in the bio-treatment coating layer.

Sample-G Treated concrete B 1500x

Figure 95. SEM of 5 cycles’ bio-treated concrete
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Figure 96. Elemental mapping of 5 cycles bio-treated concrete

To confirm if cement cause the disappearing of Cl and P, we put bio-treated aggregates
expose to cement for 20 minutes, and then wash out the cement. After conducting SEM and
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EDS, we found the bio-treatment coating still existed, Cl and P were also detected under the
bio-treatment coating (Figure 97, Figure 98).

The reason why Cl and P disappear is not clear now. Further elemental analysis needs to
be investigated in future research.

Treated+cement Area-B 300x

Figure 97. SEM of bio-treated aggregate exposed to cement
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Figure 98. Elemental mapping of bio-treated aggregate exposed to cement
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

This chapter presents an overview of the conclusions based on |ab tests of material
strength and pore-related analysis of geomaterials subjected to microbially induced

precipitation using Bacillus pasteurii. Laboratory bio-stabilization experiments were

conducted that involved treating silica sands and soils to increase strength and aggregates to

improve quality. The results showed that bio-stabilization increased the strength of silica

sand and soil samples and decreased the porosity of aggregates. For Portland cement concrete

made with treated aggregate, the freeze-thaw performance increased.

Key findings from soil strength tests

Bio-treatment increased the average unconfined compressive strength of silica sand
samples 3—-6 times. Remarkably, after double bio-treatment the unconfined
compressive strength of oven-dried silica sand increased from O to 38,700 psf.
NH4CI can replace (NH4)2SO4 in preparing liquid medium. The microorganisms grow
well and the bio-stabilization effect is slightly better when NH4Cl liquid medium is
used.

Bio-stabilization improved the strength of the silica sands more than the natural soils
with higher amounts of silt and clay size particles.

High temperature drying and more treatment cycles will influence the effect of bio-
stabilization. The higher the curing temperature the higher the strength. Further,
strength increased with increased number of treatment cycles.

Overal, there seemsto be great promise in using bio-treatment in soil improvement,
but more research is needed to develop full-scale applications.

Key findings from aggregate tests

Bio-stabilization reduces the porosity of concrete pavement coarse aggregate by
microbially induced precipitation. After 6-cycles of bio-treatments, mercury intrusion
volume decreased from 0.0697 mL/g to 0.0199 mL/g. The pores were seemingly
plugged by bio-precipitates. Bio-stabilization also had the effect of decreasing the
pore size diameter of the aggregate.
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» Lesspore volume means less water penetrates in aggregates. Less water penetratesin
aggregates reduces harmful freezing and thawing effects. Based on freeze-thaw and
dynamic modulus results, bio-stabilization appears to be effective at reducing the
impact of freezing and thawing and increases the durability of concrete by about 30%.
Although improvement was observed, the magnitude of improvement is less than
what is needed to ensure suitable performance in concrete using very porous
aggregates.

» The compressive strength of bio-treated aggregate concrete is lower than untreated
concrete after 7 days and 14 days wet curing. However after 28 days wet curing, the
compressive strength of bio-treated aggregate concrete is similar to untreated
concrete.

e Six-cycle bio-treatment is a boundary of workability for reducing coarse aggregate
porosity. After six cycles of bio-treatment, the porosity of coarse aggregate increases.
SEM suggests that the bio-treatment layer itself is porous in some areas while other
areas appear to be solid. Additional research is needed to understand this
phenomenon.

» The soundness of aggregate test showed that the bio-treated aggregate has 20% less
mass |loss compared to the untreated aggregate. These results reinforced the concrete

freeze-thaw test results that bio-treatment of aggregate improves durability.

Summary of conclusions

The goal of this study was to test bio-stabilization, a new geomaterials improvement
technology. The research objectives were to devel op a standard procedure for bacteria
cultivation and bio-treatment method for geomaterials, review the literature to compare the
effects of chemical and biological soil stabilizers, test the strength and other geotechnical
properties of treated materials, and analyze the micro-structures of untreated and bio-treated
samples. The bio-stabilization test results verified improvements based on increases in the
unconfined compressive strength of soil and increased durability of aggregate and Portland

cement concrete.
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Recommendations

Experiments involving biological processes for soil strengthening have been largely

confined to laboratory studies of the precipitation of carbonate as a cementation material in

sands and as a pore filler in aggregates. Much more research is needed to fully evaluate the

full potential for soil stabilization and improvement and for their use as a pavement material,

the potential uniformity of the treatment zone in field, and the longevity of the treated

geomaterials.

Recommendations for futureresearch

Estimate the number of bio-treatment cycles that can make soil samples achieve
maximum strength.

Replace CaCl, in the treatment medium with other chemicals that will not negatively
impact concrete durability.

Run freezing and thawing tests for more concrete beams to obtain repeatable and
more reliable data.

Understand whether the bio-treatment microorganism is still alive after application in
the field and develop in situ living conditions for the microorganism.

Test other types of microorganisms that may be capable of producing useful
precipitates.

Full-scale field testing is needed and should involve:

o Designing, building, and testing alarge-scale incubator and distribution system;

o Preparing afield quantity of Bacillus pasteurii in NH4Cl culture medium;

o Collecting soil samples before and after bio-treatment; and

o Applying bio-stabilization medium to an unpaved gravel road.
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APPENDIX A. UNCONFINED COMPRESSIVE STRENGTH

The following tables summarize the unconfined compressive strengths of bio-treated
materials. The three post processing conditions are saturated with water, air-dried, and oven-
dried. Air-dried soil samples were placed outside on adry day. Oven-dried samples were
heated at three temperatures: 38°C, 60°C, and 110°C. Single-treated samples were treated for
5 days, and double-treated samples were treated for 10 days.

Table 25. Compressive strengths of silica sand treated with NH,Cl without bacteria

Silica sand \ Reading \ For ce (Ibs) \ Strength (psf) \ Average (psf)
Saturated
Sample 1 6 — —
Sample 2 2 — — —
Sample 3 2 — —
Air-dried
Sample 4 31 — —
Sample 5 26 — — —
Sample 6 27 — —
Oven-dried (110°C)
Sample 7 46 — —
Sample 8 53 13.2 1275.0 962.7
Sample 9 67 16.7 1613.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.

Table 26. Compressive strengths of silica sand after single bio-treatment with NH4CI

Silicasand | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 10 7 — —
Sample 11 16 — — —
Sample 12 9 — —
Air-dried
Sample 13 75 18.6 1796.0
Sampleld 26 — — 568.2
Sample 15 67 16.7 1613.0
Oven-dried (110°C)
Sample 16 182 449 4336.0
Sample 17 102 25.3 2443.0 3894.7
Sample 18 206 50.8 4905.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.
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Table 27. Compressive strengths of silica sand after double bio-treatment with NH4CI

Silicasand | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 19 11 — —
Sample 20 6 — — —
Sample 21 19 — —
Air-dried
Sample 22 59 14.7 1419.0
Sample 23 91 22.6 2182.0 1815.0
Sample 24 77 19.1 1844
Oven-dried (110°C)
Sample 25 1331 338 32638.0
Sample 26 1428 363.7 35119.0 38,672.7
Sample 27 1942 499.8 48261.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.

Table 28. Compressive strength of SM soil after single bio-treatment with NH,CI

SM or A-2-4(0) | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 55 5 — —
Sample 56 2 — — —
Sample 57 0 — —
Air-dried
Sample 58 46 — —
Sample 59 37 — — —
Sample 60 0 — —
Oven-dried (110°C)
Sample 61 79 19.6 1893.0
Sample 62 65 16.2 1564.0 1761.0
Sample 63 76 18.9 1825.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.



Table 29. Compressive strength of SM soil after double bio-treatment with NH4Cl
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SM or A-2-4(0) | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 64 9 — —
Sample 65 13 — — —
Sample 66 15 — —
Air-dried
Sample 67 56 14.0 1352.0
Sample 68 61 15.2 1468.0 1452.0
Sample 69 64 15.9 1535.0
Oven-dried (110°C)
Sample 70 96 23.8 2298.0
Sample 71 92 22.8 2202.0 1973.0
Sample 72 59 14.7 1419.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.

Table 30. Compressive strength of silica sand treated with (NH4)>,SO,4 without bacteria

Silicasand | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 28 6 — —
Sample 29 3 — — —
Sample 30 21 — —
Air-dried
Sample 31 43 — —
Sample 32 39 — — —
Sample 33 37 — —
Oven-dried (110°C)
Sample 34 51 12.7 1226.0
Sample 35 44 — — 408.7
Sample 36 47 — —

Note: the empty values mean there is no corresponding force when gauge reading is below 50.
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Table 31. Compressive strength of silica sand after single bio-treatment with (NH4)2SO4

Silicasand | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 37 2 — —
Sample 38 11 — — —
Sample 39 0 — —
Air-dried
Sample 40 68 16.9 1632.0
Sample 41 61 15.2 1468.0 1702.7
Sample 42 84 20.8 2008.0
Oven-dried (110°C)
Sample 43 453 111.6 10776.0
Sample 44 231 57.0 5504.0 8091.7
Sample 45 336 82.8 7995.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.

Table 32. Compressive strength of silica sand after double bio-treatment with

(NH4)2S04
Silica sand \ Reading \ For ce (Ibs) \ Strength (psf) \ Average (psf)
Saturated
Sample 46 10 — —
Sample 47 9 — — —
Sample 48 17 — —
Air-dried
Sample 49 75 18.6 1796.0
Sample 50 89 221 2134.0 2037.0
Sample 51 91 22.6 2182.0
Oven-dried (110°C)
Sample 52 759 186.8 18038.0
Sample 53 894 222.0 21437.0 18537.0
Sample 54 679 167.1 16135.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.




Table 33. Compressive strength of SM soil after single bio-treatment with (NH4),SO4
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SM or A-2-4(0) | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 73 8 — —
Sample 74 16 — — —
Sample 75 7 — —
Air-dried
Sample 76 55 13.7 1323.0
Sample 77 46 — — 441.0
Sample 78 41 — —
Oven dried (110°C)
Sample 79 90 22.3 2153.0
Sample 80 98 24.3 2346.0 2147.0
Sample 81 81 20.1 1941.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.

Table 34. Compressive strength of SM soil after double bio-treatment with (NH4)>,SO4

SM or A-2-4(0) | Reading | Force(lbs) | Strength (psf) | Average (psf)
Saturated
Sample 82 17 — —
Sample 83 11 — — —
Sample 84 0 — —
Air-dried
Sample 85 61 15.2 1468.0
Sample 86 72 17.9 1728.0 1680.0
Sample 87 77 19.1 1844.0
Oven dried (110°C)
Sample 88 101 25.0 2414.0
Sample 89 e} 23.3 2250.0 2478.0
Sample 90 116 28.7 2771.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.
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We also prepared double bio-treated samples with NH4Cl in order to examine the effect
of lower temperatures oven-dried.

Table 35. Compressive strength of silica sand after double bio-treatment with NH4CI

Silica sand ] Reading ] For ce (Ibs) ] Strength (psf) ] Average (psf)
Oven-dried (38°C)

Sample 91 51 12.7 1226.0
Sample 92 31 — — 408.7
Sample 93 44 — —

Oven-dried (60°C)
Sample 94 14 — —
Sample 95 67 16.7 1613.0 940.0
Sample 96 50 125 1207.0

Note: the empty values mean there is no corresponding force when gauge reading is below 50.
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APPENDIX B. CONCRETE COARSE AGGREGATE PROPERTIES
The following tables summarize the properties of untreated and treated coarse aggregate.

Table 36. Specific gravity and absor ption of untreated aggregate

Untreated aggregate
Mass1(g) | Mass2(g) | Average
A (ovendryin air) 4333.6 3345.2
B (SSD in air) 4530.2 3466.1
C (saturated in water) 2736.6 2109.6
Specific gravity (SSD) 253 2.56 254
Absorption (%) 4.54% 3.61% 4.08%

Table 37. Specific gravity and absor ption of bio-treated aggregate

Bio-treated aggregate

Mass ()
A (ovendryin air) 4837.5
B (SSD in air) 5046.9

C (saturated in water) 3061.1
Specific gravity (SSD) 2.54
Absorption (%) 4.33%
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APPENDIX C. CONCRETE MIX DESIGN

Table 38. Untreated concrete mix design sheet

Catalog number Regular concrete TRIAL# |
Mixture ID Batch size: 0.8 ft’
Mix Date: | 2/5/2013 |

WHEN USING THE
AGGREGATE IN THE
BIN:

|Coarse Aggregate(Dry):l 50.05 | Ib

| Fine Aggregrate (Dry): |34.51| Ib

Stir the aggregate to
obtain a homogenous

mix. Run moisture | Cement: | 16.71 | Ib
content. Let's say the

sand has moisture of

a%: | Waterproofer | | Ib
So the aggreagate you

are going to weigh will | SILICA FUME | | b
4x8 cylinders= 5 | Air Entrainer : Micro air | 7.00 | ml

3%4%16 beams= 3

Water to be added | 10.16 | lb
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Table 39. Bio-treated aggr egate concr ete mix design sheet

Catalog number Bio-concrete TRIAL #
Mixture ID Batch size: 0.8 ft’
Mix Date: | 2/5/2013 |

WHEN USING THE
AGGREGATE IN THE
BIN:

|Coarse Aggregate(Dry):| 50.27 | Ib

| Fine Aggregrate (Dry): |34.59| Ib

Stir the aggregate to
obtain a homogenous

mix. Run moisture | Cement: | 16.71 | b
content. Let's say the

sand has moisture of

a%: | Waterproofer | | Ib
So the aggreagate you | SILICA FUME | | Ib
are going to weigh will

4x8 cylinders= 5 | Air Entrainer : Micro air | 7.00 | ml

3%4x16 beams= 3
Water to be added | 10.07 | Ib
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APPENDIX D. INDEX PROPERTIES OF CONCRETE

Table 40. Index properties of untreated concrete

Untreated Concrete
Slump (in.) 2
Mix temperature (°F) 60
Container (Ibs) 7.85
Container+concrete (Ibs) | 43.25
Air content (%) 5
Container volume (ft°) 0.25
Unit weight (Ibs/ft’) 141.6
Left water (mL) 110
Beam weight (Q) 7129.4

Table 41. Index properties of bio-treated aggregate concrete

Bio-treated aggregate concrete
Slump (in.) 6
Mix temperature (F) 62.5
Container (Ibs) 7.85
Container+concrete (1bs) 42.7
Air content (%) 6.7
Container volume (ft°) 0.25
Unit weight (Ibs/ft°) 139.4
Left water (mL) 541
Beam weight (Q) 7018.6
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APPENDIX E. COMPRESSIVE STRENGTH OF CONCRETE

Table 42. Compressive strength of untreated concrete

Untreated Concrete
Curing period (days) | Force(lbs) | Strength (psi)
7 50610.0 4028.0
14 51870.0 4128.0
58460.0 4652.0
2 57340.0 4563.0
Average (28) 57900.0 4607.5

Table 43. Compressive strength of bio-treated aggregate concr ete

Bio-treated aggregate concrete

Curing period (days) | Force(lbs) | Strength (psi)

7 45630.0 3631.0
14 48430.0 3854.0
59460.0 4732.0

28 56910.0 4528.0

Average (28) 58185.0 4630.0
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APPENDIX F. FREEZING AND THAWING RAW DATA

Table 44. Freezing and thawing raw data

Mix Date 5-Feb 5-Feb
Curing Date 6-Feb 6-Feb
Datein F/T Chamber 20-Feb 20-Feb
Beam ID U-1 U-2 U3 T-1 T-2 T-3
Date 20-Feb
Before | Weight (g) 737745 | 7387.21 | 736929 | 7214.84 | 7189.44 | 7184.9
o (Flj‘;‘“ency 1575 1.563 1.562 1473 | 1475 | 1.466
Date 26-Feb
Weight (g) 73575 7403 73805 | 71767 | 71621 | 7157.4
Frequency 1522 1.506 1.495 1417 | 1419 | 142
orT | H2
cycles | Af 0053 | -0057 | -0067 | -0.056 | -0.056 | -0.046
Pe=n./n**100 | 93.38 92.84 91.61 92.54 92.55 93.82
Average p. 92.61 92.97
Aw -19.95 15.79 1121 | -3814 | -2734 | -275
Date 4-Mar
Weight (g) 72802 | 73497 | 73522 7084 | 7088.1 | 7086.9
Frequency 1.47 1.422 1.406 1.365 1391 | 1.376
sorr | (H2
cycles | Af 0105 | -0141 | -0156 | -0.108 | -0084 | -0.09
P=n,/n*100 | 87.11 82.77 81.02 85.87 88.93 88.10
Average p. 83.64 87.64
Aw 9725 | -3751 | -17.09 | -130.84 | -101.34 | -98
Date 10-Mar
Weight (g) 71874 | 72833 | 72824 | 69904 | 7036 | 7007.4
90 F/T '(:gg‘“ency 1.299 1.137 1.137 1242 | 1337 | 1272
cycles Af 0276 | -0426 | -0425 | -0231 | -0138 | -0.194
p=n2in**100 | 68.02 52.92 52.99 7109 | 8216 | 7528
Average p. 57.98 76.18
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Aw -190.05 | -103.91 -86.89 | -224.44 | -153.44 | -1775
Date 16-Mar
Weight (g) 69022 | 71217 6725.7 | 68474 | 6947.6 | 6888.9
(Flj‘;‘“ency 1015 1073 | 1244 | 1101

120 F/IT

cycles | Af -0.4 -0.231 -0.365
Pc=n, N 100 53.06 71.13 56.40
Average p. 60.20
Aw -475.25 | -26551 | -64359 | -367.44 | -241.84 | -296
Date 22-Mar
Weight (g) 6412.1 | 5534.4 5889.8 | 6577.6 | 6847.6 | 6701.7
Frequency 1.046

1soFr | H2

cycles | Af -0.429
Pe=n,/N** 100 50.29
Average p,
Aw -965.35 | -1852.81 | -1479.49 | -637.24 | -341.84 | -483.2
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APPENDIX G. MERCURY INTRUSION POROSIMETRY RAW DATA

Micromertes nstument Corporation
AutoPore Seral: 10zPort: 1 Page 1

Mcomerites nstument Corporation
AutoPore Seral: 10;ort: 1 Page 1

Autopore.

poge1 page1 AutoPore Seral: 10;ort: 1 Page 1 AutoPore Seral: 0zPort: 1. Page 1 AutoPore Seral: 10zPort: 1 Page 1

1 1 I 1 1 1
1 1 I 1 1 1
1 1 I 1 1 1
1 1 I 1 1 1
Somple: Raw Materal (2pieces) | somple:  Raw Material (2peces) I sample: | sample: I somple: | somple:  Rav Material (2peces) | sample:  Raw Material (2pleces)
Operator ct I opersor | operator:ca I operator:ca | operstor.cs | operator.cs | opetor.cs
Submitterlowa tae University - CEER | submittriowa Sate University - CEER 1 I 1 1 1
Flle: CSSOO\DATA\ZOIZ\0TUN 2034584 5P | Fle: CASSODIDATA\2012\07IUL\ 1203458 S I e I e I e [ETS [ETS
1 1 I 1 1 |
1 1 I 1 1 |
P Analysi /572012 Sample 170505, | Analysi7/9/2012  Sample w_1.7090% | P Analys( 7972002 ¢Sample W 170505 | 1P Analys. L7090, 1 17905 | 17905 | 17090
HP Analys 7/9/2012  Corector None I HP Analys 7/9/2012 CorrectiorNone | P Analys 7972012  Corection None. | P Analys 7972012  Corection None. 1 1 1
Report i 7972012  Show Neg No || ReportTie7/5/2012 ShowNegNo | Report T /572012 Show NegNo. I ReportTi I report I report | Report
1 1 I 1 1
1 1 I 1 |
1 1 I 1 1
| 1 I 1 1
1 1 I 1 1
1 1 I 1 1
1 1 I 1 1
Summary Repart | TobularReport 1 I 1 1
Penetrometer parameters 1 1 I 1 1
| pressure_pore Dir Comulati Incemer Cumulati ncremer | I | 1
Penetrom 0714 (02 15 Bulb, 0352 tem, Powdlr | o me3 58E 0 0 0 | inwsionforCydel | inrusion for cyde 1 range Intrusionfor Cyde 1 1
| 0721975 250513 000068 Ooo0sey 74305 743606 | poresize | poresize 1 1 pore size
| oomssis 1m0 00092 o003 1305 sE0s | 323 SESEL | s o | | e s 2356 oooass2
Pen.Cons1L117 /pF  pen. el 567052 g | lssiea simis 0001Ss¢ OooosT 330 1MEQS | 2505123 00ooses | 20513 ooooses 000569 400200 2505123 743605, | s0sus sseos 2505123 0003261
Stem Vol 03920 m. M. Hes 44500 psin || 25712 sosiis 00033 oo 4SO 12605 | 1312 noos | amsam ooy | mssan e | msan sees 1853202 000256
Pen.Volu 101132 m. Assembly’ 9734 ¢ | 3o776 455251 ooowos Ooool7i SaE0s 12905 | SLo7d 00o1ssd I 8 ooooen2 | suzom 33eos | ozom s 127048 ooose
|| semess 309 00m13 oooms 7.5605 1205 | G0siis oosss | esuis oo | somuais asseos | somuts saos o125 ooosase
| edema 25503 000209 797605 82305 1005 | | dssassl 0002004 I 52551 0000171 | s sme | s ineos ass2551 0001206
Hgparsmeters | mdei 2367 008 GEEGS 9905 L1G0S | 309 00023 | 330ss ooooms Oootse 20030 3306019 715605 | o smecs 3206045 0000757
| 10455 172993 00036 GE¥0S 0000NR La1E0s | 259603 | s reess | o sxeos | o 1aseos 59603 0000785
Adw.Cont 30000 degrees Rec.Cont’II0000 deprees | | | 1296541 1352821 00048 QOODI2 0000134 263605 | 23671 Q00T | e smeos | 213 sxseos | s isieos 2136671 0000778
Hgsurtac dynescm g Densi 135335 g/mL. | 15973 13235 000N ASEEGS 0000MS LMEQS | | 17.29923 0002346 | s smeos I 1293 oom 1 22 172933 0000927
| 199538 906207 QOSG2 GAIE0S 00OV 268605 | 1392821 I 1 oot | mem oo | mema awseos | 1 ooes
| 22965 76700 00mSR 797605 0000213 376605 | 1338 000 | s aseos | nsss oo | nsss aueos | s oonsy
LowPresaare: | 2496605 7204377 0006 342605 0000231 1SIEQS | 9060217 000262 | sosiany smeos | o0eu7 o000, | sseu arieos | soeu17 ooy
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Penetrom0793 - (07) 5 8ulb,0.392Stem, Soid
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Low Pressure:
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No Blank Correction
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deprees Rec. Conti 130000 degrees
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b

psia

Intrusion Data Summary
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Median Pe_ 00746

01045
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Stem Vol 47
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Micromeritics Instrument Corporation
Autofore Seril: 10 Port: 42 Page 1

Sample 102 reatment
Operator: NAIT/CS
Submitterowa State Universiy-CEER

File: CAOSOD\DATA\2012\095EP\1204352 5|

L Analys8/13/2012 Sample W_3.1274
HP Analys5/14/2012 Correctior None
Report T 8/14/2012 Show Negio

Summary Report
Penetrometer parameters

Penetrom 0631 (07) 56ulb, 0392 stem,Solid
Pen.Cons 11007 /ot

Stem Vol 03920 mL
Pen.Volu 60208 mL

Pen.Weig 57.7772
M. Heax 44500
Assembly 1245736
HgParameters

Adv.Cont 130.000 _degrees . Cont 130000
Hi Surfaci 485,000 _ dynescm Hg Densit 135335
Low Pressur:

Eracstio 50 umtg

Eacato 5 mins

MerauryF_05:
Equilbrat 10 secs
High Pressure

Euilbrat 10 secs

NoBlank Correction
Intrusion Data Summary.

TotalIntn. 00435 mi/g

Stem Vol 35

®
psia
'

degrees.

wmt

Micromeritics Instrument Corporation
Autopore Serial: 1¢ Port: 42 Page 5

Sample D2 reatment
Operator: NAT/CS.
Submittrlowa tate University-CEER

Fle: | CAOS00\DATA\2012\035€P\1204892.5MP

P Analys|9/13/20125ample W_3.12745
P Analys 9/14/2012 Correctior None
ReportTir8/14/2012 Show Neg No.

Tabular Report

Pressurc_Pore Dic
76 3400185
077194 2342976 0000703 0000703
1775657 0000577 0.000278
5041751 000158 0000603
000773 00001
3988664 45 34439 0.001857 0000124
5484638 297519 0.002047 0000145
259109 0002128
5 213026
1728129

Cumulati incremer
32631 o

668 1131339 0002445

1996523 5.058925  0.002551 0000106 0000193 4

296057 787136 0002607
203549 7.247616 0002619

1501759 00LTEL 0033295
001147 0013295 o

Lec0s

silasiiiiiii

5296819 0.00315 0043487

5596150 0.003732 008
5796594 000312 0043487
So954.8 0.003016

Figure 103.
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Sample 02 reatment

Autopore Serial 10 Port /2 Page 7

Sample 102 reatment

Autofore Seril: 10 ort: 42 Page 8
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Figure 105. M| P data of 4-treatment aggr egates



Micromeritic nstrument Corpartion
AutoPore Seria: 10€Port: 1/1 Page 1

Sample (05 bio-treatment
Operator: NAT/CB.
Submitte lowa State Universiy-CEER

Flle: C\SSOD\DATA\2012\095EP\ 1204853 5P

L Analys 3/16/2012 Sample W 3.9012¢
HP Anslys 5/14/2012 Corecton None
Report Ti3/14/2012 Show Net o

‘Summary Report
Penetrometer parameters

Penetrom 0762 (07) 5Bulb, 0392 tem, Soid

Pen.Cons L007 ulfpf  Pen. Weig 57.5702

Stemvoll 03920 mL Mox Hear 44500 psia
60150 m

Pen.Volu

HgParameters
‘Adv. Cont 130,000 _ degrees_ Rec.Cont: 130
HgSurfaci 485000 _ cynesfem Hg Densit 13
Low Pressure:

Eacatio 50 umig

Eacto 5 mins
MercuryF 053 psia
Euilioat 10 secs

High Pressure:
Eauiliorat 10 secs
NoBlank Correction

Intrusion Data Summary

Total i 00255 mile.
3

Total Pore 0758 /g
Wediani 02509 um
dian i 0.0685 pm

Average P 01347 ym
Bulkpens 25223 g/t
Aoparent 26958 g/mL
Porosity= 6.4370_%
Semvol2s %

000
533

Assembly 1219972 g

dogre
it

Micromeritcs nstrument Corporation
Autopore Seril: 10¢Port: 1 Page 1

Sample 105 bio-trestment
Operator: NMIT/CB
Submittrlows State Universty-CEER

File:

P Analysi5/14/2012 Sample 39012

P Analy=)

2012 Correction None

Report Tir/14/2012 Show NegNo

Tabular Report

(CASS00\DATA\2012\085EP\ 1204893 5P

Pressurc_Pore Dis Comulati Incremer Comulat,
6631
0770155 2348392 000869 0000865 121E.05
1016627 1776706 0001164 0000295 178€.05
19901 2 00078 000062 363605
2993401 6042075 0.002009 0000225 482605
398075 4535108 0002158 00015 SI5EDS
5488131 329554 0002303 0000145 743605
G505 259098 0.00403 999605 BIL5
847475 2134189 0002468 65505 9805
10.465% 1728208 0002543 7.496.05 0000114
1295316 1396289 5605 0000131
98286 1131609 0002673 65€.05 0000152
1996827 9.057547 7605 0000179
2960 7877175 0002788 45605 00002
2695522 747523 0002813 25605 0.000214
2936805 6035213 0. 55605 00002
349537 5174374 0.002908 405 0.000275
3996613 4525421 0. 405 0000
4167635 4339716 0002957 927E.06 0000316
466019 38777 0002965 7.896.06 00003
57.05587 3165715 0002597 122605 0.000361
7166549 2523578 0003051 34605 0.000408
8681538 2082593 000306 291605 0000459
1113222 1624685 0003058 338605 0.000532
68521 1321309 0003129 3466.05 0000626
172216 1050213 0.003193 6.42605 3
2167596 0834397 0003269 761E05 0001165
2665660 0678453 0003359 BS6EDS .00I6H
3268181 0553407 0.003527 0.000168 0.002733
46803 043393 0003 0000503
516.3585 0350267 0.005723 0001653 0.024077
61500 0005689 0003566 Q07AO7E
6980858 0259083 0012059 000237
797.6458 0226747 001 0241 0148652
987.0623 0183234 0017218 0002149 0202
11970151097 0018877 0001659 0241993
1296.459 0139506 0.019411 0.000534 0.256683
1396768 0125487 0015654 0000483 0.271047
1497082 0120812 0020293 0000399 0.
1596.005 0113323 0020633 000031 0.5
16596.64 0.106601 0.02092 0.000286 0305851
1896770 0095353 0.021398 0.000479 0,324
2005729 008841 002169 0000252 0337525
2190246 0082426 0021923 0000233 0.
245172 0077122 0022153 0000229 0.3
2095107 007 2353 0.0002 0370638
250517 01 2515 0000186 .
2696355 0067077 0022614 95605 0385676
2 591 0022744 000013 0.
2996398 006036 0022691 0000147 0403145
3241741 0055792 0.023063 0000172 0.414599
3496027 0051734 0023252 00001EH 04
374512 0048295 0.023416 0.000164 0442184
3991197 004S316 0023567 Q000IS 04550
42088 004265 0025768 0000201 0473332
4454708 0.0M09 0023835 GETEDS 079762
4723744 0038288 0024004 0000165 0497003
4984532 0036285 0024149 000015 0512549
523406 003232 0.02429% 0000145 0526558
615 0032995 0020423 0000128 0544289
12312 0031552 00USY BITECS 055441
5982057 0030234 0024627 0000123 0570318
28970 0029036 0.0TIA BTIEDS 0582074
6481287 0027905 0.024822 0, oso7184
2756 0026684 0.020505 8305 060931
72313 002594 0S4 1SIOS D6UESS
75,063 0.02419 0.025042 0000102 0630878
7975347 0022678 0.025078 32505 0636421
72363 0.021347 0.025167 92905 0653306
BOTLS7 002016 0025222 55305 0683952
2005 001951 0.2 osa82
9570386 0018898 0025302 7.996.05 0680608
1002002 0018048 0025324 21905 0685348
1007251 001727 0025363 3E7E05 064113
1097565 0016479 0.025364 15706 0.694456
147150 0015765 56605 0698353
1197188 0015107 0025395 14605 0702161
12575.47 0014382 0025395 0 o7
1307318 0013835 0025395 0 0761
162166 0013278 0025395 0 o7
19593 001 5402 732606 0.104373
31153 0012638 0025017 155605 0.709
14567.27 0012616 0025417 0 079207
16960.4 0012082 0.025417 0 0709207
15017.23 0011731 0025419 136E05 0.70%654
1576857 001147 0025425 632606 0711882
161609 0011165 0025434 8806 0.714%51
1661804 0010884 0025438 0 075
1696659 001066 0.025439 554605 0717007
1731640 001045 00251 LATEDS 0717563
176667 0010237 0025047 6456
1907206 0010008 002545 302606 0.72125¢
18416.02 0009621 0025452 L45E06 0721837
18760.06 0.009636 0025461 9.07E.05 0725557
1916679 0009436 0025461 omsser
1977258 0009147 002547 88306 0729413
2 21 o047 onsi
% 705 002547 0 0720413
2117919 000854 0.025473 319606 0.730891
2163154 0008361 0025489 15705 0738307
2203405 0008208 0025489 0 0738:
263651 000799 0025489 0 o707
31721 0008 0025489 0 073807
73835 0007619 0.025489 0 070
53 0007508 0025489 0 07807
206967 000734 0025489 0 o707
2503986 0007223 0025489 0 o707
250,44 0007109 0025489 0 073807
2589082 0.006585 0025489 0 o707
2604089 000684 0025489 0 073807
2690206 0006713 0025489 0 070
2139217 0006603 0025489 0 07807
79265 0.006508 0.025521 32605 0757854
209 0 ss21 0 o7s7e:
2899276 0006238 0025521 0 0757854
239318 0006132 0025521 0 o7t
2999352 000603 0025521 0 0757854
3004316 0005941 0025521 0 0757854
3089203 0005855 0025521 0 0757854
29252 000578 0.025521 0 077854
s o ss21 0 0757854
3234288 0005592 0025521 0 0757854
3229191 0005499 Q025521 0 o755t
3se 00054 o252 0 0757854
3399364 0005321 0.025521 0 0757854
1128 0005221 0025521 0 0757854
50922 0,00 521 0 0757854
3619014 0004597 0025521 0 0757854
3699136 0004889 0025521 0 0757854
37640.42 0.004505 0025521 0 o775
3944479 0004705 0025521 0 0757854
3919513 0004614 0.025521 0 077854
2999226 000is2 1 0 0757854
11 0004466 0025521 0 0757854
4099393 000w 0 o785t
425495 0004256 0025521 0 0757854
4334192 000173 0025521 0 0757854
3663 000012 002521 0 077854
496532 0004021 0025521 0 0757854
4648372 0o03en 002ss21 0 o785t
497491 000377 0025521 0 o7t
4947108 0003656 0025521 0 07785t
5016862 0003605 0025521 0 0757854
5296025 0003415 0.025521 0 077854
523 0001 002521 0 077854
596687 0003232 0.025521 0 0757854
S967.26 00031 1 0 o785t
96688 0.003016 0.025521 0 0757854

o
121605
57105
Lase0s
119605
505
La8E05
136605
L1005
155605
L66E05
206605
275605

¢
g
H

125

Autopore Seral:10¢Port: 11 Page 1

Sample (€5 bio-treatment
Operator: NAT/C.

Autopore Serial: 10¢Port: 1 Page 1

Autopore Seril: 10¢Port: 1 Page 1

AutoPore Seria: 10€Port: /1 Page 1

perator: NMIT/C8

Operator: NMIT/CB

Operator: NMIT/CB

Autopore Serial:10¢Port: 11 Page 1

Sample (€ 5bio-treatment
Operator: NAT/C8

1 | 1 1
1 1 I I
| 1 1 1
! 1 1 |
| | 1 1
1 | 1 1
1 1 1 1
File I e I Fie: I Fie I e
| | 1 1
1 | 1 1
sso2g | so02g | 3s02 | o025 | 302
| 1 1 1
Report | Report | Report | Resort I Report
1 1 1 I
| | 1 1
| 1 1 1
| | 1 1
1 | 1 1
1 1 1 I
| 1 1 1
| 1 1 1
| | 1 1
! | 1 |
Intrusion for ycle 1 | intrusion or Cycle 1 range  intrusion for Cycle 1 | intrusion for Cyce 1 | intusion forycle 1
Poresize 1 I poresize | poesze | poresie
30065 256631 [T o [ [ | 3465 679606 I 339465 o
248392 000086 | 2emm o 0000865 400200 2348392 121£.05 | e rmeos | s ooouss
1776706 0001164 | 17806 ooou9s | s 178605 I s aretos I 177876 oooios
Ergry [BRE o2 | 2 353605 | sem rieos | sossus oooisat
042075 0002009 | em0s ooomas 1 wat.05 | a0 wsetos I @aos ooonis
453508 0002158 | 4535108 oooois | 53508 505605 | 5308 1ose0s | 4535108 ooou1n
329554 0002303 | 32580 oooouds 00013 X0 295 74305 [T | 325 ooowor
259098 0002403 1 9038 9.996.05 I 255098 879605 | 255038 13905 I 259098 ooossst
2134189 0o02ase | 2sam estos | asuss sse | ataus 1seos | 2134189 oocorss
17.28208 0.002543 | w2me 7.49605 | wm08 ooone | vass vsseos I 170808 o0orss
1396269 0.002608 | moms estos | 13sea0 ooont | sseass 2ueos | 135689 oooonos
1131609 0.002673 | ues estos | 13 oooms2 | uaes 2eseos I 131609 00cor
9057547 0002743, | oo 0 | o577 ooonm | oossi7 3405 I 90577 oooorst
7877375 oo0zrss | e astos | s o | s aseos 1 00007
7207525 0002813 | s 25605 Qomsio 307 7247323 0o | rausn ateos | 70725 oooor0r
6035213 0o0zase | emsai sseos | o ooy 1 13 asseos | emsn o
5474374 0002508, | saawa acos | s ooomrs | saams sueos | sa7ama oovoszs
as2sa1 000asds, | assa a0 | assu1 ooonsoe | assun aaeos I 000077
4339726 0002957 | amems a2ios Qoome 7.4 43976 000036 | amons aseos | a3:7is oocos
38777 0002065 | sem 28906 1 777 000024 | sem sseos I & oosis
3169715 0002997 | e a0 | 3165 ooonsst | e azeos | 3te715 oooosss
2523578 0003031 | s 3ec0s | 252357 ooonsos | 2sawm ssieos | 2575 ooosds
w93 0.00205 | 20m59 29105 Qo3 42 2062593 Qoo | 20ess emeos 1 3 0.000333
Leauees o | Lo 33scos | Leaess ooonsn | Leasess ameos | Ledsess ooooss
1321309 0003129 | im0 3eee05 | 132130 0oo0e2s. I 132139 000013 (I X
L0s0213 0003153 | Loso saos | 1osoa3 oooness | Losoans ocooass | Loseis ooooris
0834397 0003269 | s 76105 | 0834397 oooties | oma oo | o497 oooosn
o | o7 moseos | osmm o | oemis o | os7miss ooy
0553407 0003527 | 055307 ooontes | ossu07 oomr | ossu0r ooo3 | 0553407 ooososs
00003 I o Qo 204 04393 0 | oamso 1 oo10208
0350267 0005723 | o087 ocotess | o307 oc2s0m | o7 oomn | oxmer oones
0281309 0. I o I 02439 0070 | 02sa30 0072803 I 02839 oosois
0255083 0012059 | oxooss oomy | oasscss otomes. | ossom oommes | oasenss oousies
0226747 0014469 | oxemr ooma 0010439 0402 0226747 0148652 | ozem7 oomn | o2 oowess
0153234 0017218 | o oo | omau o | omau ooseiss | ot oouser
0151097 0018877 | o1si09 ocoress | 01097 0281993 | o o | otsi0 ooirizs
ootsat I o | o506 025668 | 0139506 00ueta7 | o505 0015287
oo1se94 | onsisr ocomss | oxswy oariony | oy oousess I o oouzes
120812 0020293 I o 000399 0120812 0283803 | oxos oouesy | onm ooums
0113323 002063 | o3 ocomn | o oxsu | ous oouesy | o3 oor
0106601 0.0 | 006601 ocomass | oes01 0305851 | o001 ooeass | 1 0010717
0095353 002139 | ooss3s3 oooms | oossw3 03usis | ooss3ss ooaon | oossas3 ooosas
ooes1 002169 | oomsa ocoms | ocas omss | omsa o 1 10008535
0082426 0021923 1o 0000233 | oosae6 034mee2 [ | oosae2s 0oo7sss
o722 0022153 | ooma ooz | ooz o I oom ans 1 122 0.
oonas) 002 | [ | oonasy 036 | oonssr ooust | oonesr ooomes
5 000519 | 165 | oosauss 03m0057 1 2608 1 [X
0067077 0022614 I oosnn sstos I 006077 o366 | oo ooan I oos oo
0083591 00227 | oosson oo | oossn o3seta | ooesson ooaast | oosssn ooosss
005036 0022891 | 36 0000147 1 oo | ooes 00w | oos3s ooosoat
0055792 0023083 | oossm2 ooonin2 I 00s5m oaten | omssm ogex | 0oss2 oooseds
0051734 0023252 | oost4 ocon | s o | oosu oo | oosit oooses7
0018293 0023416 | o9 ooootet | oo oamse | oo ooessel | oomss oooser2
ooisat6 0023567 | ovssis oomois | oo oasson | ooists oosasos | oossis ooos7as
001285 0023768 | oouss ocomor | oouss oarsn I oouss oosmm1 I oouss o
000329 0023835 | 0w aeros 0009366 02004 0040329 047972 | oowns 0o6e0 | o029 0o0ssr
0038288 0024001 | oosmass ooon | oosmass oasroos | oossass ooess1 1 oo0ssa7
0036285 0024149 | oosass ooooias 1 36285 0512549 | oosess 00eonas | ooass 000so63
00232 002294 | oo oconus | oman o | ooam oomon | ooz ooososs
0032995 0024423 | ooss9s oooonzs | oosses osasass | oosses oorress I ooses o
0031552 002 | oo auEos | omis ossw | omsiss2 0o | oosiss2 ooos7a
0030234 0024627 | oo oconnzs | oo osroas | oo oomseay | om0
002903 0024714 | oo 87e0s | o003 ossa0ne | ooasos 0o7asss | oosnss oooson
0027905 0024822 | oomos | oozmsos osomiss | oo | oomos ooois2
0021505 | oo s3tos I oo o | ooaesss ooeusa | oossse oootns
oomss | oosw 3sE0s | oosw osuess | oomswo | oo oovses7
002419 0025042 | ooess oooono2 | oo ocsnurs | oo oostesn | oooss ooosss
o o020 | oomen 325605 | oomen o | oouens oo 1 2678 0002485
0021347 0025167 | oo saos | ooy ossas. 1 7 00i7287 | oom oo
o006 0025222 I oo ssi0s I oot osexe I oo oot I oot 0002205
00181 0025222 | 51 o | oot oseme | oowst oossaon I oomsi o
018898 002 | oomsss 79905 I oomss o | ooissss ooex | oomsss oooisas
0018088 002 (I 19€.05 | oomnis osssae 1 o037 I oo0ie2
001727 0025363 I oo sses I oo ossun | oow oo | oo oooss
0016479 002 | oo 15706 I oo 5 1 16479 0025584 | 001639 0000895
0015766 002538 | oomses 1sse0s | ooiss ossms | 7 1 766 0000662
0015107 0025395 | oo 14605 | oois07 0z I oois107 0013077 I ooisio7 oooote2
o013 0025395 | oo | oo ozma | oousm ooisey | oouss oooosss
oo13835 002535 | oomsxs o | oomsss oymar | ooisss oot | oomsss oo
oo13278 002 | oo o | oo ozmar | oo ooiss. | ooms oooosst
0012947 002502 | oomsay 7308 | ooy oz 1 7 oo | oonsi o
0012638 0025417 | ooew 155605 | ooizes o70m | ooueis 0o | ooies ooooss
12416 0025017 | oo o | oomas oy0m207 | oo oouens 1 6 0000345
0012082 0025417 | oonom o | oo oy0s207 | ooum oomin | oonos ooosrs
001731 0025419 | oo 130 | oo ooest | oourst ooues | oot oooous
001147 0025425 | oouar eaos I oouas o | oo oomssss | oone7 oocor
oortiss 002 | ooiiss 88e0s | ooitiss oyiesst | ooitiss oot | ooiiss o
10884 0025034 | oowss o | oowsu oyuss1 I o ootets1 | oomss: oocous
001066 0025439 I oouss 5506 I ooiwss o I o010 0ot602 I ooiss o002
010445 0.025041 | oowus 1470 | oowus o7irses | oolous ootes | ootous ooooi7
0010237 0025047 | ooy cestos | ooy o700 | oo oo | oo ooz
ooxsts | oo 302606 | oouos onuse | oot 0017758 1 000017
ooose21 002542 | ooosma 1estos | s s | ooosn oo | ooosm1 ooco
0065 002 | oomeds s0706 I ooseds 0725567 I o o I oomes ooonsnt
009436 0025461 | oo o | oo omsser 1 174 | oo o
00047 002547 | ooy sstos I oosuy o | ooom7 ootesss | 0005147 0ooosss
21 002547 | oo o | oo omsans [ (T o
0008705002547 | ooomos o | ooosms ommens | ocoss oou | ooos70s 0oooa0s
Oo08st 0025473 I oommsa 319606 | oossa 073001 | oomss oo I oomse oooozr?
008361 002548 | oome 1570 | oooss1 o7sm07 | oo ooms | ool 0
008208 0.025489 | ooomos o | s 0738307 | oooss oot0mas | ooom0s oooaia
oo2s4e I oo o | oooms o7se0y | oo o 1 00799 0000157
78, 0025089 I oo o I oo opsmor | ooos oousis 1 078 0.
0007619 0025189 I ooamsis o | ooomes 0738307 | o015 oo | ooomes oo
508 0025489 I oo o | ooorsos o7sma07 1 oot | ooorsos ooooats
o 025ty I oo o I oo 073807 I oo oo I oo ooooas?
o023 0025189 | oo o | ooomas o7smoy | oo ooisiss | owm o
0007109 0025489 I oomos o I 0000 o7ss07 I ooonoe ooisus | 0007109 0oooas3
6 0025089 | ooosses o | oooesss 0738307 I o 1529 | ooosses oooozs2
0025489 I oomes o | oo o7sm07 I oossa 0015951 1 0000257
000713 0025489 | oo o | ooens 0738307 | oooens oomeses I ooosri3 ooooze2
3 002549 | oo o | oooees 07sm07 | oooses ooteses 1 o
0006508 0025521 | oooesos 32605 | oooesos os7ase | o068 0017266 | 0ooss08 0000263
oossat | oo o | ooosion o7s7ase | ooosios oormas1 | ooostor oooozes
00238 0025521 | oo o | oooes osmase | ooosss oo | ooos3s ooooss
00632 0025521 | owen o | owewn orsrest | e ooiesny | ooosts2 ooooass
000603 0025521 I oo o 1 757854 1 o063 0016178 1 5 oooozs
1 0025521 I oo o | ooossan ogsmase | oo ooisas | ooosse1 ooooats
Ooosess o0zss21 | oomssss o 1 ass 0757854 1 010253 | ooosass oocots7
000578 0025521 I oo o I oo osmse I ocoss oomist I oos oocorrs
Ooosess 002521 | ooosess o | ooosess o7srase | ooosess oomany | ooosess oooorst
oooss92 oozss21 | oo o | oooss oysrase | ooosss2 ooosan | ooosss2 oocoras
199 0025521 I oosen o | ooose0 osmase I owsis o 1 199 5,066.05
0054 0025521 I o o | ooosa oysrese | oooss ooomsss 1 5¢ 37905
ooos31 002551 I omsa o | s ogsmse I ooosn ooo0ms I ooosai 4sseos
21 002521 | oo o | oo oysrase | ooosan o | o o
0005096 0025521 | ooososs o I ooososs os7ase | oo o I oooson 0
000997 0025521 | oo o | o097 o7s7ase | oo o | ooy o
Oooisss o251 | ocousss o | ooosss oysrase | ocoms o | ooousss o
s I o o | oooesos os7ase I ooosos o I oootsos o
000705 0025521 I o o | oooims oysrase | oomms o | oooms o
o006 1 | oo o | oo 057854 I oo o I oo o
o022 002521 | oomsn o | 00w orsrese [ o | ooz o
5 o0ssz1 | ooouss o | ooouss oysmase | ocomss o | ooouss o
oooun2 002521 | oown o | oooun ozs7ese | omun o I oown o
000256 0025521 | oass o | ooouss oysrase | ocouse o | owuss o
00073 0025521 | oman o | e osmse I owun o I ooun o
ooon2 ooz | oman o | ocoun orsrese | owoun o | owun o
000w021 0025521 I ooeon o 1 1 07s78se I ooown o I oo o
ooz | oomsn o | ooosn o7s7ese [ o | oomsn o
00377 oo2ssat I oomn o I ocomn oysrese [ o I oomn o
Oo0sess 0025521 [ o | oosess osmase 1 o I oomess o
5 002521 | oomes o | ooossos oysrase 1 o | oomes o
oouss1s 0025521 1 a5 0 | oousas os7ese I oo o I oomens o
21 002521 | oo o | oo ozsrese | oo o | oo o
oou32 ooz | oomn o | oooan orsmase | oomn o | oomn o
oous12 002521 I oo o | o ozt I oo o I 0312 o
o006 0025521 I om0 o Q001686 0040 0003016 075784 [ o | oomons o
| i 1 1

Figure 106. M| P data of 5-treatment aggr egates



Migromeritc nstrument Corporation
Autopore Serial:121Port /3 Page 1

sample:
Operator
Submittrlowa tate University-CEER
File: | C\SSOD\DATA\2013\026€8\13006938.5MP

bio reated s
@

P Analys 2/12/2013 sample W_4.2090g
P Analys 2/12/2013 Correcton None
Report Ti 2/21/2013 how Net No

Summary Report
Penetrometer parameters

Penetror 0631 (07) 5 Bulb, 0392 Stem, Solld.
Pen. Cons 11007 ul/oF
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Pen.Volu_ 60208 mL
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Assembly 1256715 &
Hgparameters

Adv.Cont 13000 degrees Rec. Conti 130000 degrees
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Low Pressure:
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Evcuatio 5 mins
ey F 052 psia
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High Pressure

Equilibat 10 secs

No Blank Correction
Intrusion Data Summary

Total It 00199 mi/g
Totalpore 1151 mify
MedianP, 00916 um

Median P, 00479 um
Avera 2
BulkDens 25253 g/mL
Apparent 26589 /s
Porasity = %
Semvoli 21 %o
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Figure 107. MIP data of 6-treatment aggr egates
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27911 0006507 0027960 0 03
2820361 0.006004 0027964 00
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3509521 0005085 0027960 0 0363
3619565 0.004997 0027960 0o
3699561 0.004889 0027964 0 038863
3760589 0.004204 0.0 0 036
384567 0.004704 0027960 0 o386
3919581 0004614 0027960 0 0363
o 960 0o
0405, 0027964 0 038863
a000538 00012 0027960 0 03
2941 0.004256 0027964 0 03863
433453 000173 0027960 0 036
4814 0004112 0027964 0o
99582 000402 0027964 0 038863
as1%052 000389 002 0 o3
79857 0.003765 0027960 0 038
e oozrse 0 036
01074 o ot 0o
96605 0.003415 00275964 0 038863
saass. 1 0ozren 0 o3
5596623 0003232 0027964 0 03863
5796703 000212 0027964 0 036
35 0003016 0027960 0o
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1 1 1 |
1 1 1 1
1 1 1 1
| 1 1 1
mole: bio-eated.7 | sample: bio-rested-7 | sample: bio-reated-7 | sample: bio-rested-7 | sample: bioreated7
Operator: ca | operator:cs | Openstorica I Operatori o | openstor:ca
| 1 1 |
File: I e I e I e I e
| 1 | 1
1 1 1 1
amsg | a9y | aammg | aamg | a2a9g
1 1 1 1
por I Report I Report I Report I Report
1 1 1 1
1 1 1 1
| | 1 1
1 1 1 1
1 1 1 1
| 1 1 1
1 1 1 1
| 1 1 1
1 1 1 1
| | 1 1
Intruson fo Cyce 1 | intrusionforGycle 1 range _inrusion for yce 1 | trusionforGycle 1 | intusionfor ycle 1
pore size | I poresie | 1 sin
482848 236631 | o | s o | swows 2me0s 1 2518 00037
2384775 0.000389 | 2mas 000 0000389 400200 2384776 531606 | 2mas 3ose0s | a6 0003
9.8 | 1mas oooost 1 4837 101605 | amasy a7 | wsasy ooomss
9200263 0001226 I sLooes o | somes 27eos | oLooes 7ase0s | oiomes oos:
063395 000101 | 63395 0000175 | eoemss sescos | eosxss 77406 | eosxss oooios
4545425 001562 | asasizs ooootst | asasis asseos | asasos ieos 1 5 00007
3304405 0.001687 | ooooizs 0001238 20030 33,0005 616605 | 330u05 121605 | 330u05 ooooser
25505 000179 | | s 7sse0s (B | 2553095 ooooss3
2135017 0008 I ausow 6ieos | ausson saec: I auson imeos | 2uss0m ooors
17.29278 0.001915 | s aswos | wass osecos | anasms 13se0s | 12s78 ooo0ses
1.921% 000973 | sats6 582605 | s oooorrs | 130206 iseeos | 135219 ooosm
131757 0002027 I iy sawos I s st |y 20 I 1 oosss
9061959 0.002076 | sosisss asaeos | sosisss oooor: | sosisso 2sae0s | sosisss oooss
2876977 000112 | e s | s ooie | 7aer 3seos | 77677 oowsst
7267112 0.002139 | 2 aeEos ooz 07 | 7247112 0000181 | e ateeos I 72712 ooorm
34629 0.002297 [ sse0s | sose oowozis | eouen azseos I e 0000ss
5172585 0.002257 | samses aoseos | samsss oowaes I smses ssaeos I samses oooms
as26022 0002291 | aswem saeos as26022 0000289 | aswem saeos | s oowsss
4330485 0002298 | asous 73606 omis 74 433085 0000 I as 05 (B o
3846772 0.002307 | 3mem saseos I 3sEr2 ooa0s | amem sseos | s ooie
2205105 000338 | aasios sieos 2205105 0000339 | 32105 soieos | 3205105 oooosat
2518383 0002376 I 2sims seeos | 25w oo | 2swm aneos | 218 oooes
088943 0.002387 | 2omss 11505 B0 42 208503 0000622 | 20m0a3 72905 | 20ms3 ooomss
1620188 0002858 | ewiss 70505 | 1s08 00006t | Leies ooooise | ieoss oo
132707 0002528 I 1w o I 132707 oooorss 1 2707 0000299 I 132707 oooosss
1052614 0.002662 | 1os2s ooootta | iosmua oooiiss | 1052814 ooooste | iosamus oooenn
0835093000286, | os30s3 ooooats | o830 0o0es | os30ss oooiss2 | oss0 oooest
e oo I osma ooom g oovsia I osma oo | osmn
055365 0003582 1 5539650000047 | ossws 000643 I ossis o I ossws
0433299 0005596, | oammss oovols Ooos 204 0439 0022746 | oamse oouser | oo oomss
35002 0011253 | o302 oooses7 1 2 o | oo oo | 030w 0oe7ss
028265001753 | o6 ooo2r 0284265 015916 | o6 oossn | osues oosies
259757 0019186 | oasers7 ooo [ 757 0,15 I ozt o | oassrs7 oonoat
0251 0021123 I oanst ooy 00iss27 0402 022751 0215785 I oamst ooses2 | oxums ooses
01832 0023763 | owme o | o oz I otz oos | ome oosm
0151127 Q.26 I ot ooosss | o o3 | ots1127 oossur | oz oo
0139578 0026384, I o o | osss oses 1 139578 005144 | osss oo
0129522 0026881 | onssi2 oooss | omssu ossus I oussi oo | 12 oo
12086 0027162 | otess oooos2t 20885 0.356401 | otess oowsis | o
0113353 007as2 | oussss oo | o o3 I ousss oo | oumas ooorsas
0106673 0027555 I o173 oooor7s 1 73 0370226 1 73 002 1 73 0005603
0085456 0027732 | oossass oooorrr | oossiss o37ms | oossass oousr | oossiss ooomm
oosm o0 | oossust siseos | oossis o3son I oossast oo | oossis ooms
0w 002787 | oomses s7eos | oomes o33 I ooses ooosr2 | ooms ooor
oame ooz | oomus acieos | oo o 1 o | oorus ooomss
oamss 00am | oonss 2sse0s | oomss oz I oomsas ooosos2 | oomsn
27964 | oossass 23505 | oosmss 03363 1 ooosas 1 306 0,000545
006747 0027964 | oo o | oosma 03863 I oos7147 o0oase7 | oos7a7 ooooiss
0063589 0027964, | o | oosses 03363 | oosse  oooie | oosses oooms
o 27950 | ooes o | ooms o3 I o | ooms saeos
005579 0027964, I oossms o | 0ossm96 0388363 I oossme  seos | 0ossm6 80te0
oos1826 0027964 | oosims o | oosimzs o363 | oosim o | oosims o
038 0027964 I o o | ooumses o3sses | oomses o I o o
0045337 0027964, I ooy o 0t5337 0388363 I oosay o | ooy o
002577 0027964 | ooner o | oonen o3smes | ooner o | ooner o
1020358 0.027964 1 o 0006841 02004 0040358 0388363 I oouwsss o I ooumss o
oasass 0027964 | oosss o | oosmass 036 | ooms o | oosmss o
0036298 0027964 | ooess o 1 298 0388363 | ooss o | oosas o
0034261 0027964, | ooea o | oo o3 I oo o | oo o
002299 0027964 | oo o | oosaon o3sses | oome o I o o
003156 0027964 | oomss o | oosiss o363 I oo o I omis o
0030233 0027964 | oo o | 0w o3sme I oo o | omms o
0029028 0027964, | oosas o | oosus 038363 | ooses o | oosus o
027906, 0.027964 | oomos o | ooamos 038363 I oomos o | om0 o
peas 0027964 | = o | oosss 03smses I oo o | 5 o
0025912 0027962, | ooser o I 59120388363 I ooser o I oossn o
00217 0027964 | 167 o | oouer o3smes | ooumer o | ooue o
0022659 0027964, | oo o | o259 038363 | oo o | ooesy o
021323 0027964 | oons o | ooms o3 I oo o | oomas o
0020135 0027964 I oowis o | ooomss o3seses I oo o 1 o
0019891 0027964, | oot o | oomsesn o363 I oot o I oo o
18877 0.027964 1 77 o | oomsy o3smes | oomen o 1 o
0018028 0027964, | oo o | oomus 038363 | oowos o | oomms o
0017256 0027964 | oomss o | oommss o3 | oomss o | oomss o
o672 0027964 | oowsin o | oot o3seses | oosm o | ooem o
0015754 0027964, | ooz o | ooisrss 0363 I oo o | oo o
15058 0.027964 | 508 o | oososs 03863 I oo o 1 o
0014375 0027964, I oowsrs o | oouss o33 I oo o | oo o
oomee 0027964 | oosas o | oomas o3 | oosas o | oon o
001327 0027964 1 o127 o | oo o3 [T o I ooy o
0012941 0027964 | oomsa o | oomse o3 I oouser o | oonsa o
ooizsn 002796 1 2 o | oonen o3smes 1 2632 o 1 12632 o
12608 0027964, | oonws o | o109 0388363 I oonws o | oonws o
0012076 0027964 | 207 o | oonos o3 I oo o 1 o
001726 0027968, | oo o | oomns o3seses | ooums o | ooums o
011464 0027964 | ooues o | oortses 03363 I oo o | oomses o
oo 002796 | ooms o | ooms o3sses | oo o | ooms o
0010879 0027964, I oowsn o | oomws 03363 I oowen o I oomwn o
0010653 0027964 | oomess o | oomwess o3sses I oowsss o | oomwes o
10439 0027964 I oo o 1 39 0388363 I oo o I ooy o
0010233 0027964 | oo o | oo o3 I oo o | oomes o
o 7960 | ootws o 1 038833 | oowws o | oomwms o
0009817 0027964, | oooss7 o | oooss17 0363 I ooossr7 o | oomey o
000633 0027964 | oomes o | oomes o3smes | oo o | oomes o
0009433 0027964, I ooose o | ooomess 038363 I oooses o I oo o
000946 0027964 | ooosis o | ooosus 03363 | oomias o | oomus o
o o6 I ooesio o | ooomio o3seses I oot o | oo o
0008703 0027964, I oo o | ooommo3 038363 I oo o I oo o
oooes3s 0027964 | oocesas o | oooms3s 0363 | oosas o | oomss o
000836 0027964 I oooss o I oomss o3y I oo o I ooms o
0008207 0027964 | ooos0 o | ooom07 038363 I ooos07 o | om0 o
0007989 0027964 | ooome o | ooome o3seses | ooome o | ooome o
000799 0027964 I oo o | a9 03363 I oo o | ocormss o
oaures 002796 | oooes o | ooomeis o3ssses | oooeis o | oooes o
0007508 0027964, | o | ooorsos 038363 1 o I ooorsas o
000734 0027964 I o o 1 et 0388363 I oo o | oo o
000223 0027964, | ooz o | o3 o3seses I ooz o | oo o
0007108 0027964 | ooorios o | ocoro o3ss3es | ooorios o | oooros o
Q00eses 0027964 | ooosses o | ooosses 038363 | ooossas o | ocosses o
000684 0027964 | ooosss o 1 363 | ooosss o [ o
00613 0027964 | o3 o | ooom3 o3smes I oo o | owens o
0006603 0027964, I oooseos o 1 3 0388363 I oooseos o 1 o
0006507 0027964 | ooossor o | ooomso 038363 I ooossor o | ooomsy o
0006408 0027964 | oooson o 1 563 1 o 1 o
0006238 0027964, | oooss o | ocom3s 03363 I oo o | ooomss o
e 0027964 | oo o | ooosn2 03smes [ o | oosn o
000603 0027964 I oooms o I oooe03 038363 I oo o I oo o
o541 0027964 I ooossa o | ooossa o33 | ooossar o | oomsn o
oousase 0027964 | ooosess o | ooossst 03seses | ooosess o | ooossss o
0005779 0027964, I oo o I oous79 038363 I oo o I owsms o
ooseas 0027964 | oooses o 1 63 | ooose o I o o
0005592 0027964, | ooss o | oooss 03363 I oosss2 o | oo o
5498 0027964 | ooosiss o | ooosiss 038363 | ooosism o | ooosiss o
00054 0027964 I oo o | oomst o3 I oo o [ o
o052 0027964 I oosn o | oo o3 I oo o [ o
oos22 0027964 | ooz o | oo osssses | ooz o 1 0522 o
0005035 0027962, I ooososs o | oos0ss 038363 I ooososs o I ooosas o
00009 0027964 | ooowssr o | oooemy o3smes | ooowssr o | oo o
000889 0027964, | ooots o | couso 038363 | oootsy o | ooouss o
0004804 0027964 | ooouns o | oooumo 038363 | oootmns o | oo o
0008704 0027964 I oo o I oo = | oo o | ocomos o
0004616 0027964, | oooteis o | oooes 0388363 | oootets o | oot o
o00is22 0027964 | ooz o | ooos2 o3ssses I ooz o | ooz o
000adss 0027964, I o o | coses 038363 I o o | oooues o
000wz 0027964 | ooour o | oooun o3 I oooun o | omun o
000256 0027964 | ooouss o | ooouss o3seses | ooomss o I o o
000173 0027964, | oooun o | ooosrs 0363 | ooours o | omun o
0w 00e | oooun o | ooou o3smes | oo o | omun o
000402 0027964 | oo o I oo o3 I oo o I oo o
00389 0027964 | oooss o | oomss o3 [ o | oomss o
0003769 0027964 | ooosre o | ooosres o3seses | oo o 1 769 o
0003655 0027964, | ooosess o | oomess 0363 | ooosess o | oomess o
3605 0.027964 | oooseos o | oooseos 038363 | oooeos o 1 o
0003415 0027964, I ooosars o | oomeis 038363 I ooosars o I oomas o
oo 0027964 I oo o | ooosa o3 I oo o | oo o
000232 0027964, [ o oous232 0388563 I oomn o I oo o
00012 0027964 | oomn o | oomu o3 I oosn o | oomn o
0000 0027964 | oomos o 0 00t0 00ms 0383 | oomois o | oomos o
| | |

Figure 108. M| P data of 7-treatment aggr egates
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P Analys 2/13/2013 sample W75
HP Analys 2/13/2013 Comecton None
ReportTi 2/21/2013 show Neg No

Summary Report
Penetiometer parameters

Penetrom 03473 - (01) 15 Bulb, 0392 Stem, Sold

Pen.Cons 1LOD7 ul/p  Pen. Weig 818352

StemVoll 03920 mL Mo Hea 44500 psia

Pen.Volu 149856 mL  Assembly 2521161 ¢
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Adv.Cont 130000 degreesRec. Cont: 130000 _ deg
e/m

Hg Surfac 185000 _ éynes/cm He Densit 135335

Low Pressure:

w0 50 i
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Euilibat 10

High Pressure
Eullbat 10 secs
No ank Correction
Intrusion Data Summary

Toal i 00267 mi/g
Totalpore 1289 mife

Semvoli s %

v
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1 1 | 1
1 1 1 1
1 1 1 1
I 1 1 1
Sample: bio reated & | sample: bioested:s | sample: bioested:s | sample: bioested:s | Sample: bioweateds
Operator: 8 | operstorics | operstorics | operstorics | operstorics
1 1 1 1
il Il I e I e I e
1 1 1 1
1 1 1 1
Tamsag | Taesag | asag | 1 Taisag,
1 1 1 1
Report | Report | Report | Report | Report
1 1 1 1
1 1 1 1
1 1 1 1
1 | 1 |
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 |
1 1 1 1
1 | 1 1
Intrusion for Cyce 1 | inrusionfor ycle 1 range Intrusion for ycle 1 | inrusionfor yele 1 I intrusionfor ycle 1
Pore size 1 sz | poresie #e) || poresize I poresie
a7 1331 [T | 75% o | 8759 ss7E0s 1 759% 0004579
276209 0000763 | 23609 oooore Q0073 400200 2376209 10405 | a0 roee0s | 237609 oovss2
17939 0001103 I 1939 oows I 13 ieos I w39 siks I 3 oo
9106516 Ooutste | sLossis oo | siossis 3305 | siossis saeeos | sLossis ooorses
eoess 0001Es | eoessis 0000202 I @ 05 | st 121606 | eoessis oooios1
asas085 000197 | asasnss oooonts | asasmss sam0s | asasss 7secs | asamss o
3301681 0002076, I 3301681 0000106 0001313 20030 3301681 636605 | 308 sexs | 3301681 0000729
2553823 0002154 | s y7eos | s racos | s 120 | s oo
213643 0002219 I 213 caos I 213 asieos | 213 tescos I 2136 0000723
17.28748 000281 | s s20s [BRED 95e05 | s teseos | 12ss oowers
1396325 0,002 | s 62305 I 13ses oowite | 3ses 20505 [ 0000676,
131511 000206 | usmsu szeos | wsmsu ooors | s seeos | 1wisu ooooms
062336 0002476 I ook 70105 I soe3 oowiel I ook dete0s I soeas oo
77352 000522 | rems aewos | 7a7ms oo | 7ems sexos | 7e7ms oo
7286751, 0002567 I s aaieos Qoon9 307 7246751 0.000207 | e raseos | 6751 00027
6034709 0.002689 | eoums ooworz2 | eoums ooz | eoums ooooizs | eoum0s oovise
572323 02821 I sy ooz I 13 ooosre I 1 oo I i oo
as26254 0003086 | asast oooox as26254 0000553 | asst oot | asmst oo
4371592 0003085, | aamse asa0r Qoosis 74 371592 0000583 | a3se ooies | e oo
39747 000 | 3omur aceos | 397347 oowss | 3omu ssaos | 3omu7_oowst
3152455 0003126 I 3toss 3sacos 3152455 0000637 I 3oss c3seos I 3o o
2521567 000181 | 2sser saeos | 25567 ooooria | 2sser se | 25567 oooost3
ossisn 0003221 I 2085491 acae Qomiss 42 2085491 00007 | 2085491 oo00te1 I 2085491 0000691
L6757 0002 | 1sis757 oot | 1sis77 0ooi0s | 1sis757 000205 | 1sis757 oo
1326836 0003374 I 13 s1o0s | 1363 oooites | 13683 0000228 1 36 0000712
03462 | Lososr szee | Lososr oooiess | Losos7 oooosss | Lososr oooins
o823 0003594 | osnw oo | osnn oo | oss oowess | o oo
o7 00037Es | osme owos osTR 000 | osmoe oo | osme ooosss
055143 0004254 | ossie3 oooner | ossis I ossi ooosiss I ossiss oo
s 0005628 | oassss oo Qomas 204 o4 oo | o oowa | oassss oowssal
045989 0007838, | osss9 000209 | osss oosere | osse oox0es | ossss 0onses
283068 0010036 | oasses oooos 283168 0067558 | oasses oomn | oxsues oom
0259188 0010848, I ozsemss o | ozseiss ooy | oaseiss oo | ozseiss ooxoer
022669 001188 | oz oo Qooess 0402 0269 00% | oxsen oossas | oxsen oo
183084 0013745 | olsoss oooimss I o 0132918 | otso oosase | oo oosos
0151032 0015855 | ossun oo 1 5 | otsis oo | ot oo
o381 0017052 | o ooons | o oo | o oomses | o oosss
01295 0017797 | ons oooonas I s oassses I ons oouen [ 22173
0120846 0018363 | ouess oooses 012046 0.256661 | oness ooseezs | otoeis oouses
011329 | ousss oo | ouss o | ouss oosen | oss ootsies
0106648 0015229 | oloses 1 028716, | olosets oossesr | olosets oou
0095422 0019865 | ooosiz oowess | oossiz 039 | oossi oossrn | oossi2 oo
0088406 00203 | oossi0s oovoser | oossus osty | oossis ooser2 | oosss oonses
0082356 0. | oossss 0000378 | oossss 030 | oossss om0 | oossss oown
oo77122 0021029 | ooz oowses | ooz o | ooy oossees | oo oo
oorse2 00329 | oomm o | oomm o | oomum aoe7ie | ooms oo
0068397 0022607 | oossasr oow02rs | oossas o3 | oossasr oosrse2 | oossas oowsr
0067109 0021771 | oos7109 0016t I o 08027 | oos7i09 00672 | oos7i09 0010773
0063612 0021966, | ooser2 ooooiss | ooser oaisees | ooser oosrs | oosser2 ootois
ooss 00222 I oosous o023 | ooeous oassoes | oosous 0066348 | oosou3 0oosusy
0055743 0022499 | ooss73 oo | ooss7a3 oasseee | ooss7s oose2sr | ooss73 ooosars
oosiess 002734 | oosisss oooozss | oosisss oamiss | oosis oosst | oosisss oooens
o264 0.022974 | oomes ooz | oomes 06 | oomes oo | oomes ooorsas
ois342 0023152 | oo 0oo02is oouss2 0510871 | owss 0oz I 2 0028
oomss 002 | ooness oowo2ts | ooness oswe | oonsst oo | ooness 0ooses3
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Micromeritc nstrument Corporation
Autopore Serial: 121Port 23 Page 1
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Operator
Submitttlowa State UniversityCEER
File: | CA\SSOD\DATA\2013\02F£811300696.5MP.

bio reated:s
)

P Analys 2/12/2013 sample W 3293
P Analys 2/13/2013 orrecton None
Report Ti 2/21/2013 Show Net No

Summary Report
Penetrometer parameters

Penetror 0908 (07) 5 Bulb, 0392 Stem, Sold.
Pen. Weig 62839 &

a 14500 psia

wiof
oL e
Assembly 1292729 &

L
Pen.Volu 60561 mL

HgParameters

Adv.Cont 130000
HgSurfac 85000

degrees Rec Conti 130000 degrees
ynes/om Hg Densit 135335 g/l

Low Pressure:

\scustio 50 e

acuatio 5 mins
ey F 052 psia

Eulibat 10 secs

High pressure
Equlibar 10 secs
No Blank Correction

Intrusion Data Summary

TowlInin 00529 mi/g
Totalpore 0982 mfe

Apparent 27067 g/l
Porosty - 1252
Semvoli a6 %

Micromeritics instrument Corporation

129
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Figure 110. MIP data of 9-treatment aggr egates
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Figure 111.

MIP data of 10-treatment aggr egates
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APPENDIX H. PLAN FOR FIELD TESTING

In order to test the feasibility of applying microbially induced precipitation in situ, |

designed afield-use system that consists of an incubator tank and a distribution system

(Figure 112). The incubator tank will be used to culture and store the microorganism in the
incubation medium, and the distribution system will be used to apply the bio-stabilization

medium to an unpaved gravel road.
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Figure 112. Schematic diagram of field-use bio-stabilization equipment
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