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ABSTRACT

This study evaluated the shear strength behavior of bio-stabilized soils over a range of
amended bio-monomer and biopolymer soil addition rates using Western lowa loess and
Ottawa 20/30 sand. The unconfined compressive strength and ductility of loess was
characterized after adding 2% to 4% monomer. For Ottawa sand, the shear strength and
volume-change behavior of specimens stabilized by three different biopolymers at
concentrations of 1%, 2% and 4% was tested. All specimens were prepared at moisture
contents of optimum or 2% dry of optimum. To determine the optimum moisture content of
the loess material, a modified 2”"x4" compaction test was conducted to satisfy the specimen
aspect ratio requirement.

The unconfined compressive strength of monomer-amended loess was decreased
significantly within the first 7 days of curing, but increased compared to untreated soil over
28 days of curing time. Based on these results, the monomer shows some potential for
providing strength and ductility benefits for loess after curing times of 28 days or more.

For the Ottawa 20/30 sand, the peak strength of polymer-amended specimens for a given
normal stress was increased by 1.5 to 2 times that of untreated sand. The G54 polymer gave
the best results with a peak shear strength 1.4 to 1.5 times that of the 8% cement-amended
sand, but this was lower than the strength using 12% cement. However, the values of
cohesion imparted by all three polymers were comparable to those resulting from 8% and
12% cement. The failure behavior of the sand was made more ductile by the polymer, and

beneficial effects of polymer aging and healing abilities were discovered.
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The strength of the cohesionless sand improved significantly in all polymer-amended

specimens. The improved results from the G54 biopolymer compared to those from cement

demonstrate the potential of biopolymer as a substitute for traditional stabilizers.
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CHAPTER 1. INTRODUCTION

In recent years, nontraditional stabilization methods using materials such as salts, acids,
enzymes, lignosulfonates, petroleum emulsions, polymers, and tree resins have been studied
to seek substitutes for traditional stabilization materials such as cement, fly ash, and lime in
both commercial and military applications. A number of studies have also been aimed at bio-
stabilization of sands for liquefaction mitigation, using urea produced by bacteria cultures to
provide cementation, or bio-desaturation using nitrogen gas bubbles to reduce the degree of
saturation. Using such nontraditional stabilization materials, additive amounts and curing
times can potentially be decreased and strength increased over those of traditional methods.
The environmental impact from chemical reactions produced by traditional stabilization
methods might also possibly be decreased using such nontraditional methods.

Polymer, either natural or synthetic, is one of the nontraditional stabilizer types of
increasing interest. Past studies have described the application of natural polymers to
stabilize low-volume road surfaces, and synthetic polymer has also been used to increase the
strength and decrease the hydraulic conductivity of sand.

Although a few studies in recent years have examined nontraditional stabilization, there
are still no standards for selecting the appropriate types and amounts of nontraditional
stabilizers for various soil types and engineering applications. Determining the engineering
properties of polymer-modified soils requires extensive laboratory testing, and the optimum
concentrations of polymer and preparation methods such as curing time and temperature have
not yet been fully understood.

The goal of this research is to evaluate the strength behavior of soil amended with

newly-developed biological monomers and polymers, and to determine the effect of the bio-
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stabilizers on engineering properties of both cohesive and cohesionless soils. Shear strength
of biopolymer-amended loess and sand specimens were measured in unconfined compression
tests and direct shear tests. Specimens with varied monomer or polymer content were
prepared at optimum moisture content as determined by compaction testing, and tested to
determine the optimum monomer or polymer content to be added to the soil.

A literature review of compaction theory and traditional and nontraditional stabilization
methodology is presented in Chapter 2 to provide background for this research. Test methods
and materials are described in Chapter 3. Test results and discussion regarding soil shear
strength behavior are given in Chapter 4. Finally, conclusions and recommendations for

future research are summarized in Chapter 5.
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CHAPTER 2. LITERATURE REVIEW

This chapter provides a review of existing literature on the subjects of compaction,
stabilization, and shear strength of soils as evaluated by the unconfined compression and

direct shear tests.

Compaction of Geomaterials

Compaction is the process of reducing the volume of soil by application of loads such as
impacts, rolling, tamping, or vibration. During compaction, air is expelled and the moisture
content is slightly changed. Additionally, the engineering properties of soil are also affected,;
the shear strength of soil generally increases while compressibility and permeability typically
decrease. Compacted well-graded gravel may be up to 15 times as resistant to deformation
under a bearing load as the same material in a loose state. Different laboratory and field
compaction test methods may use for soils classified as cohesive or cohesionless according to
the AASHTO classification system and USCS (Unified Soil Classification System). In the
past century, much research has focused on compaction theory and test methods. A brief
discussion of these studies is given below.

Compaction curves for cohesive soil have been explained by several theoretical
viewpoints, as the physical process of compaction is somewhat complex. Based on research
from Proctor (1933), Hogentogler (1936), Hilf (1956), Lambe (1960), Barden and Sides
(1970), and Olson (1963), the compaction process is affected by capillary pressure, hysteresis,
pore air pressure, pore water pressure, permeability, surface phenomena, osmotic pressures,
effective stress, shear strength, and compressibility (Hilf 1991). Proctor (1933) suggested that
capillary effects that hold particles together as a result of moisture in partially-saturated soil

play a key role, and that maximum density for a given compactive effort occurs when there is
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sufficient water and a small amount of air to fill the voids. Hogentogler (1936) defined four
stages to characterize the compaction curve: hydration, lubrication, swelling, and saturation
(Figure 1). Theoretically, the optimum moisture content occurs when maximum density is
reached during the lubrication process, at which point all the air is removed and soil is
saturated. In this case, the compaction curve would intersect with the zero-air-voids (ZAV)
curve. However, it is generally not possible to reach 100% saturation by mechanical
compaction, so compaction curves typically lie below the ZAV curve. It is well-known that
the compaction curve on the wet side of optimum tends to be parallel to the zero-air-voids

curve.

WEIGHT OF DRY SOIL, LBAFTZ

MOISTURE CONTENT- PERCEMNT BY YOLUME
Figure 1. Hogentogler’s explanation of the compaction curve (from Hilf, 1991).

Hilf (1956) explained the process of compaction and the resulting moisture-density
relationship using the theory of pore water pressures in unsaturated soils. The void ratio
versus water void ratio (defined as volume of water per unit volume of solids) graph from his
explanation is shown in Figure 2 as a substitute for the compaction curve from the Proctor

test. Other methods for explaining the shape of the compaction curve include the surface
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chemical theory introduced by Lambe (1960) and the effective stress concept presented by

Olson (1963).

Moisture content, percent dry weight
20 30
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Figure 2. Compaction curve in terms of void ratio vs. water void ratio and dry density
vs. moisture content for GS = 2.60 (from Hilf, 1991).

To determine the compaction curve, Proctor (1933) showed that there is a relationship
between the maximum density, moisture content, and compaction energy imparted to the soil
during the compaction process. Proctor then developed a laboratory test to determine the

optimum moisture content and maximum density. The laboratory compaction test was
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designed to deliver a compaction energy per unit volume equivalent to the field compaction

energy of 12 passes of a 20-ton dual-drum sheepsfoot roller on 8 to 9 inch loose layers of

cohesive soils. Standard laboratory procedures, equipment, and methods for reporting results

were developed and accepted as American Society for Testing and Materials (ASTM)

Standard D698 and American Association of State Transportation and Highway Officials

(AASHTO) T 99. Subsequently, a modified test procedure to simulate the use of heavier

compaction equipment was developed as ASTM D1558 and AASHTO D180 (Hilf, 1991).

The specifications for the two Proctor compaction tests are shown in Table 1.

Table 1. Specifications for the Two Proctor Laboratory Compaction Tests.

Test Standard Effort(ASTM Test Method D 698) Modified Effort(ASTM Test Method D 1557)
Method A B C A B C
Rammer 5.5 Ibf 5.5 Ibf 5.5 Ibf 10 Ibf 10 Ibf 10 Ibf
weight (24.4N) (24.4N) (24.4N) (445 N) (445 N) (445 N)

Height of drop |12 in. (305 mm)| 12 in. (305 mm) | 12 in. (305 mm) | 18 in. (457 mm) [ 18 in. (457 mm) | 18 in. (457 mm)
Mold diameter | 4in. (102 mm) | 4in.(102mm) | 6in.(152mm) | 4in. (102mm) | 4in.(102mm) | 6in. (152 mm)
Mold 0.0333 ft= 0.0333 ft= 0.075 ft= 0.0333ft= 0.0333 ft= 0.075 ft=
(944 cmd (944 cmd (2124 cm3> (944 cmd (944 cmd (2124 cm3>
Material Passing No.4 | Passing 3/8in. | Passing 3/4in. | Passing No.4 | Passing 3/8in. | Passing 3/4in.
(4.75mm) sieve | (9.5 mm)sieve | (19 mm)sieve |(4.75mm)sieve | (9.5 mm)sieve [ (19 mm)sieve
Layers 3 3 3 5 5 5
Blows per layer 25 25 56 25 25 56
Compactive |12 400 ft-Ibf/ftS 12 400 ft-Ibf/ft=| 12 400 ft-Ibf/ft= 56 000 ft-Ibf/ft=5 56 000 ft-Ibf/ft=| 56 000 ft-Ibf/ft=>
effort (600 KN-mym3F [ (600 kN-m/mF | (600 kN-m/mF [(2700 kN-m/mF| (2700 KN-mVymF | (2700 KN-m/mF
<25% by <25% by <30% by <25% by <25% by <30% by
Use mass retained | weight retained |weight retained | mass retained | weight retained | weight retained
on No.4sieve |on 9.5 mmsieve [ on 19 mmsieve [ on No.4sieve | on 9.5 mmsieve | on 19 mmsieve

In addition to the well-known standard and modified Proctor compaction tests, other

moisture-density tests were developed to save both soil and time during compaction testing.

British engineers in the late 1940’s developed the Dietert test (Great Britain, 1952). The

Dietert apparatus was more convenient than that used in the Proctor test, but had the

disadvantages of a cumbersome apparatus, and compacted specimens that were not of the
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same size. The procedure also resulted in specimen densities that were higher than those of
the standard Proctor test. Later, in 1950, the Harvard test using a 1.3125 inch diameter and
2.816 inch height cylindrical mold was developed. The compaction energies and procedures
of this test, however, were not the same as for field compaction nor Proctor tests, and the
correlation between the Proctor and Harvard tests was studied by Wilson (1950).

Finally, Davidson and Chu (1966) developed the lowa compaction test, which featured
an easily-constructed apparatus, reduced preparation and compaction times, and good
reproducibility of results. Unlike the Proctor compaction test, the compaction energy could
be varied from soil to soil. The lowa 2x2 compaction test produced results within field and
laboratory attainable accuracies, and the maximum density and optimum moisture content
obtained from this test were the same as those from the standard Proctor test. (Oflaherty, et
al., 1963).

Four variables: dry density (or dry unit weight), water content, compaction effort, and
soil type (gradation, presence of clay minerals, etc.) were noted in the Proctor compaction
test. The mechanical energy applied per unit volume of the soil mass is termed the
compaction effort, and is calculated from the product of the mass of the rammer, height of
drop, number of drops per layer, and number of layers of soil, divided by the volume of the

mold (Holtz et al., 2011).

Compaction for cohesive soils

A cohesive soil is one with a high silt or clay content that has cohesive strength due to
cementitious bonds or electrostatic forces between particles. Partially saturated non-plastic
soils can also exhibit apparent cohesion due to negative capillary pressure which may be lost

upon wetting. Saturated or partially saturated non-plastic soils may also exhibit apparent
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cohesion due to temporary negative pore pressures caused by dilation during shearing. These
soils can include clays, silts, and silty or clayey sands and gravels, such as the CH, CL, MH,
ML, SC, SM, GC, or GM classifications in the USCS, and boundary groups of any two of
these defined using dual symbols, e.g., SC-SM. Both compressibility and shear strength of

cohesive soils are generally improved by compaction.

Compaction for cohesionless soils

Cohesionless (also referred to as granular) soils include relatively clean sands and
gravels that belong to the SW, SP, GW, and GP USCS classifications, and boundary groups
of any two of these soil groups. Because water content doesn’t significantly affect the
mechanical properties of clean sand and gravel during compaction, the compaction curve
from the Proctor test may not correctly show the relationship between maximum density and
moisture content for these soil types. Therefore, the principal compaction measure used for

cohesionless soils is the relative density (Dy) as introduced by Terzaghi (1925);

D, = ﬁ 100% (1)
where
emax = VOId ratio of the soil in its loosest state
e = void ratio of the soil as tested

emin = VOid ratio of the soil in its densest state

D, = relative density, usually expressed as a percentage

Relating void ratio to dry density, Equation 1 can also be expressed as

— Ydmax(Yd—Ydmin) (2)

T Yd(Ydmax—Ydmin)
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where

Yamax = dry unit weight of the soil in its densest state

Yamin = dry unit weight of the soil in its loosest state

¥4 = dry unit weight of the soil as tested or in situ

Based on the relationship between dry unit weight and porosity (n=V,/V), Eq. 2 may be

expressed as

(Mmax—n) (1-Ngin)
D, = 3)

- (Mmax—Mmin) (1-n)

where

Nmax = Maximum porosity (loosest state)
Nyin = MiNiMum porosity (densest state)
n = porosity of the soil as tested or in situ

Terzaghi introduced the compatibility measure of a cohesionless soil, defined as

_ €max—Cmin
F= €min (4)
Terzaghi (1925) and Bejerrum et al. (1960) introduced the idea that the ease of compaction
for sands could be evaluated by the compatibility measure and relative density. A larger

value of compatibility means that the soil can more easily be compacted.

Methods of soil stabilization
Soil stabilization is based on physical, chemical, or biological methods for improving
certain properties of natural soil using a specific engineering approach. Generally, the
processes of soil stabilization involves analysis of the properties of a given soil, finding a

specific economical method for modifying the soil, determining feasibility, and using the
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method and materials during construction, always considering costs of materials,
construction and maintenance. (Hilf, 1991)

Four methods of stabilization offering practical and economical solutions can be
categorized as: granular stabilization, chemical stabilization, thermal stabilization, and
electrokinetic stabilization. Granular stabilization is a combined method of physical and
chemical stabilization to modify the granular bearing skeleton with cementing materials.
Chemical stabilization is the oldest and most common method by which chemical
compounds are added to the soil to improve its volume stability, strength and stress-strain
behavior, permeability, and durability. Chemical reactions, including hydration, ion-
exchange, pozzolanic reaction, flocculation, precipitation, polymerization, oxidation, and
carbonation, occur between the soil and additives (Hans et al., 1991). Thermal stabilization
consists of heating and freezing soil to improve its performance and strength. In
electrokinetic stabilization, an electrical potential is applied to soil to induce physiochemical
transport of electrical charges, which forms cementing phases in the electric double layer
located at the interface of the solid and liquid phases.

Portland cement, lime, fly-ash, and bitumen are used widely as chemical stabilizers.
Portland cement, lime, and fly-ash are classified as active agents, and bitumen is an inert
agent. The active agents react chemically with the soil, and the inert agents are used to
protect cohesive soils from water and to bond cohesionless soil particles together.

Due to economic and environmental considerations, there has also been increased
interest in the use of nontraditional stabilizers, which may be divided into six categories:
enzymes, lignosulfonates, salts, petroleum resins, polymers, and tree resins (Tingle, et al.,

2007). In recent years, natural microbial biological processes have also been applied to
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stabilization of loose and collapsible sand (DeJong et al., 2006; Ivanov et al., 2008). The
performance of stabilized soil with nontraditional stabilizers has been evaluated by various
experimental methods, but further research is needed to develop recommended standards for
testing methods, dosages, and field implementation techniques for soil with nontraditional

stabilizers.

Traditional stabilization

Cement

Cement stabilization procedures include mixing and compaction, which change the
physical, thermal, and chemical properties of the soil. Portland cement consisting of
hydraulic calcium silicates is the most common cement used in cement stabilization. Eight
types of portland cement are covered in ASTM C150-12 Standard Specification for Portland
Cement. Type | is used for if there is no specified requirement for some other type. Type Il is
used if sulfate resistance is desired. Type Il is used for high-early strength. Type IV is used
if low heat of hydration is required, and type V is used for sulfate resistance. (ASTM, 2007)

The amount of portland cement to be used depends on the classification of the soil, as
described in Hilf (1991). For well-graded soil, 5% or less cement is needed by dry weight of
solids, sandy soil generally requires 7%, non-plastic soils and silts require 10%, and plastic
clays require 13%.

A “short-cut” test was developed by the Portland Cement Association (PCA) to
determine a safe amount of cement needed for stabilization of sandy soils based on statistical
analysis of experimental results for 2,438 soil specimens. The method was developed based
on correlations for non-organic soils with less than 50% of material smaller than 0.05 mm

(No. 270 sieve, referred to as silt and clay by PCA), and less than 20% smaller than
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0.005 mm (clay). Therefore, the method should only be applied to soils satisfying these
criteria. Note that USCS and AASHTO both currently classify the silt and clay portion as the
material smaller than 0.075 mm (No. 200 sieve).

The charts used in the PCA short-cut test procedure Method A (for soils not containing
material retained on the No. 4 sieve) are shown in Figures 3, 4, and 5 (Hilf, 1991). First, a
sieve analysis of the soil is performed to select the estimated maximum density of the soil-
cement mixture from Figure 3. Then the required amount of cement is determined from
Figure 4 using the estimated maximum density of the soil-cement mixture and the percent of
soil smaller than 0.05 mm. Test specimens are then molded in triplicate at maximum density
and optimum moisture content and moist-cured for 7 days, and then their compressive
strengths are measured. The average measured compressive strength should be equal or
greater than that of Figure 5, determined based on the percentage of material smaller than

0.05 mm (PCA, 1956), or else the cement content should be increased.

207, Silt B_cL_qj_ le__ _S
minus No 4 fraction

Average mox density of minus Mo.4 fraction-Ib. per cu ft.

o=

60 80 100
No.4 to No.6Q sieve size material of minug No.4 fraction -per cant

Figure 3. Average maximum densities of soil-cement mixtures not containing material
retained on the No. 4 sieve (from PCA, 1956).
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Figure 4. Cement content to use in soil-cement mixtures not containing material
retained on the No.4 sieve (from PCA, 1956).
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Figure 5. Minimum 7-day compressive strength required for soil-cement mixtures not
containing material retained on the No.4 sieve (from PCA, 1956).

Min. 7-day compressive

Different combinations of cement and moisture contents will produce varying degrees of
improvement in compressive strength, durability, and density for different soils. To obtain
consistent and repeatable results, several ASTM Standards address procedures for soil-
cement mixtures. ASTM D1632 provides specifications for making and curing soil-cement
compression and flexure test specimens in the laboratory. ASTM D1633 provides
specifications for testing the compressive strength of molded soil. The moisture-density
relationship of a soil-cement mixture can be determined using ASTM D558, and the freezing
and thawing tests of compacted soil-cement mixtures can be tested using ASTM D560.

ASTM D559 is the standard for wetting and drying tests of compacted soil-cement mixtures.
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Lime

Lime is another traditional stabilization material composed of calcium and magnesium
oxides. There are three processes present in reactions between soil and lime: cation exchange
and flocculation-agglomeration, cementation or pozzolanic reaction, and carbonation.
Plasticity, workability, uncured strength, and load deformation properties are improved
during cation exchange and flocculation-agglomeration, and pozzolanic reactions produce
stable calcium silicates and aluminates in reactions between soil and calcium in lime, similar

to those occurring with portland cement.

Fly ash

Fly ash is one of the residues produced by coal combustion, which rises in the flue along
with other gases. The composition and physical properties of a particular type of fly ash
depends on the coal source and the fueling process used by a power plant. There are two
classifications associated with the particular type of coal used; according to ASTM C618,
class C fly ash is produced by lignite coal and class F fly ash is produced by bituminous coal.
Calcium and sulfate constituents are lower while carbon, silica, and alumina constituents are
higher for class F fly ash compared to class C fly ash. The strength of a sub-base or base can
be increased using fly ash and lime. Typically, using 12% to 14% fly ash combined with 3%

to 5% of lime is an excellent way to stabilize a road base (CMI, 1985).

Bitumen
Two primary applications are used to stabilize soil with bitumen. For cohesive soil, the
soil is modified to make it waterproof, with the appropriate amount of bitumen ranging from

4% to 7%. For cohesionless granular soil, the cement agent provided by bitumen bonds the
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soil particles. The optimum amount of bitumen, generally between 4% and 10%, is

determined by testing soil density, strength, and water-resistance (Hilf, 1991).

Nontraditional stabilization

Polymers

Polymers are very large molecules consisting of chains of many monomer units. The two
main types of polymer; synthetic polymers and natural polymers, are defined by their means
of manufacture. Synthetic polymers such as nylon, polyethylene, and silicon are produced by
the chemical industry, while natural polymers such as cellulose, proteins, and
polysaccharides are produced by living systems. Depending on the combination of monomers
present, the structure of a polymer could be linear, branched, or cross-linked. For more
details about the biopolymer, two distinct approaches called “bioadvantaged” and
“bioreplacement” are introduced and compared in Hernandez et al. (2014). The
“bioreplacemnt” polymers are produced by bio-based monomers, and improved using sugars,
starches, lignin, cellulose, and hemicellulose found in trees, plants, and animals to produce
the monomer from petroleum. The “bioadvantaged” polymers are made of unmodified or
minimally modified vegetable oils, proteins, and some other biological monomers. In a
recent study from Williams et al. (2014), the performance properties of base asphalt was
significantly improved by a biopolymer produced from acrylated epoxidized soybean oil with
radical polymerization techniques, such as reversible addition-fragmentation chain-transfer
polymerization.

According to Tingle et al. (2007), polymer stabilizers for soil applications are typically
vinyl acetates or acrylic copolymers suspended in an emulsion by surfactants. In their study,

the soil particles were first coated by a polymer, then bonded together by the polymer as the
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water evaporated. The resulting improvement in strength depended on the physical properties
of the polymer, and whether or not the soil was effectively coated by the polymer. The
authors reported that the tensile and flexural strengths of the soil can be improved by using
polymer, and the moisture susceptibility was also decreased by using a waterproofing
polymer.

Orts et al. (2007) reported that polyacrylamide (PAM) copolymers are beneficial for soil
stabilization. Three potential mechanisms: columbic charge interaction, hydrogen bonding,
and van der Waals interactions, can affect interaction between anionic PAM and soil. Such
interaction between PAM and soil happens when the acrylic acid content of PAM rises to

35%. A schematic diagram of the role of charge in interacting with soil particles is shown in

Figure 6.
o Chain bridging
PAM Anionic between charged
Polymer Chain soil particles
)
N =6
lon bridges

] 0
@ @
between chains @ _.
&
Charged

Particulate™~__ @

(sail)

(a)

Charged [Ca"§”
Cellulose @

Microfibril
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Figure 6. Schematic depiction of (a) anionic PAM; (b) charged cellulose microfibrils
interacting with charged soil particles in the presence of calcium
(from Orts et al., 2007).
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Tingle and Stantoni (2003) conducted experiments to evaluate the stabilization of low-
and high-plasticity clay soils with nontraditional chemical or liquid stabilizers. Twelve
nontraditional stabilizers were evaluated, including an acid, emzymes, a lignosulfonate, a
petroleum emulsion, polymers, and a tree resin. A total of 12 stabilizers and 7 nontraditional
stabilizers at varying concentrations were used to stabilize CL and CH soils. The
performance of test specimens relative to control specimens and to one another provided a
means for evaluating the effects of stabilizer type, stabilizer quantities, and durability under
both wet and dry conditions. The results of the tests also showed that some nontraditional
stabilizers significantly improved the unconfined compressive strength (UCS) of the clay
materials, but others had no significant effect. From the results of the tests shown in Tables 2
and 3, the cement-stabilized CL samples demonstrated significant strength improvement and
resistance to moisture susceptibility, while for the CH soil, the lime-stabilized specimens
failed to improve either the dry or wet UCS for all specimens. Overall, these results indicate
varying performance by different stabilization additives depending on additive type, additive

quantity, soil type, and dry or wet testing conditions.
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Table 2. Unconfined compression test results and density measurements for CH Test
Series (from Tingle and Stantoni, 2003).

Application Dry Test Wet Test
Rate By Primary Water Dry Unconfined Water Dry Unconfined
Stabilizer Dry Weaight Stabilization | Content | Density' Compressive | Content | Density’ | Comprassive
Type o Mechanism % kgim® | Strength, kPa 9% ka/m® [ Strength, kPa
Control and Traditional Stabilizer Specimens
Mone 0.00 Mone 233 15954 4T36.T 23.3 1503 8 1158.3
Hydrated Limeg 3.00 Chamical 235 1492 .9 1951.2 236 1489.7 e
Hydrated Lime 5.00 Chamical 236 1491.3 1641.0 236 1496.1 0°
Hydrated Lime 7.00 Chamical 284 1464 1 1020.4 224 1467 3 g
Nontraditional Stabilizer Specimens
Acid 1 0.010 Chemical 227 1608.3 4509.2 227 1609.9 1151.4
Acid 1 0.050 Chemical 226 16211 5308.6 226 1597.0 8274
Acid 1 0.100 Chamical 237 1598 6 47367 237 1592 2 BA61.9
Enzyme 1 0.019 Chemical 23.4 1603.5 4964.3 234 15954 951.5
Enzyme 1 0.050 Chemical 245 15954 6039.8 24.5 1597.0 13096
Enzyme 1 0.100 Chemical 231 1614.7 55572 234 16131 1323.8
Enzyme 2 0.056 Chemical 246 1597.0 6074.3 24.6 1593.8 1661.6
Enzyme 2 0.100 Chemical 239 1606.7 6274.3 23.8 1601.9 1758.2
Enzyme 3 0.021 Chamical 202 16281 5267 6B 222 16243 BER.T
Enzyme 3 0.050 Chemical 223 1597.0 4019.7 223 1609.9 1179.0
Enzyme 3 0.100 Chemical 2.9 1605.1 3426.7 21.9 1598.6 11101
Enzyme 4 0.010 Chemical 226 1608.3 42058 226 16002 11239
Enzyme 4 0.020 Chemical 225 1608.3 4281.7 225 1603.5 20271
Enzyme 4 0.100 Chemical 228 16131 4978.0 228 16002 1199.7
Polymer 1 0.066 Mechanical 228 16179 5260.7 228 1614.7 1379.0
Polymer 1 2.074 Mechanical 223 1582 6 44058 223 1576.2 13031
Polymer 1 5.000 Mechanical 235 1579.4 B674.2 235 1579.4 4019.7
Polymer 3 1.010 Mechanical 243 1557.0 3062 243 1561.8 1048.0
Polymer 3 2.500 Mechanical 242 1557.0 43161 244 1560.2 2668.3
Polymer 3 5.000 Mechanical 23.7 1525.0 38749 23.7 1529.8 1654.8

"Dy density rernained the same alter the 28-day cure pesiod although the meisiure content changed dus 1o evaporation.
*Specimen disintegrated when exposed 10 waler. UCS could not be deismined.
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Table 3. Unconfined compression test results and density measurements for CL Test

Series (from Tingle and Stantoni, 2003).

Application Dry Tast Wet Tast
Rate By Primary Water Dry Uneconfined Water Dry Uncanfined
Stabilizer Dry Waight (| Stabilization | Content I:'narlslt).r1 Comprassive || Content DBI‘IS“]I'1 Compressive
Type % Mechanism %% kgim® || Strangth, kPa % kgim® | Strength, kPa
Control and Traditional Stabilizer Specimens
Mone 0.00 Nane 159 1779.7 50332 159 17813 14203
Type | Camant 7.00 Bath 16.9 17412 5005.6 16.8 1733.2 31233
Type | Camant 9.00 Bath 17.2 17558 5633.1 17.9 1754.0 4447 1
Hydrated Lime 3.00 Chamical 17.9 1690.0 23511 17.9 1688.3 1103.2
Hydrated Lime 5.00 Chamical 18.5 166883 29582 18.5 1699.6 1847 8
Hydrated Lime 7.00 Chamical 19.0 16964 3440.5 19.0 1701.2 1985.7
MNeontraditional Stabilizer Specimeans

Acid 1 0.010 Chamical 14.7 17877 5377.8 14.7 1778.1 1379.0
Acid 1 0.050 Chamical 14.9 1778.1 48401 14.9 1776.5 1454 8
Acid 1 0.100 Chamical 146 17893 52469 146 17893 15513
Lignosulfonate 1 3370 Mechanical 15.0 1802 .1 GB3I06 15.0 1798.9 3564 6
Lignosulfonate 1 5.000 Mechanical 14.8 1808.5 73223 14.8 18101 4T85.0
Lignasulfonate 1 8.000 Mechanical 14.2 18181 E108.8 14.2 1818.1 4467 8
Enzyme 1 0.019 Chamical 14.9 1754.0 4502.3 14.9 1758.8 9907
Enzyme 1 0.050 Chamical 14.8 17508 4364 4 14.8 1754.0 S86.0
Enzyme 1 0,100 Chamical 14.7 17478 4640.2 14.7 17348 11721
Enzyme 2 0.056 Chamical 15.4 17829 5381.7 15.4 17845 21512
Enzyme 2 0.100 Chamical 14.9 17748 4681.6 14.9 1766.8 1861.6
Enzyme 2 0.200 Chamical 15.5 17765 S5026.3 15.5 17684 2813.1
Enzyme 3 0.021 Chamical 14.3 17732 49367 14.3 1776.5 1337 6
Enzyme 3 0.035 Chamical 14.8 17732 511568 14.8 17700 15827
Enzyme 3 0,106 Chamical 14.9 17747 52814 14.9 1754.0 1447 .9
Enzyme 4 0.002 Chamical 14.7 17732 5184.9 14.7 1755.6 1199.7
Enzyme 4 0.020 Chamical 15.1 17572 46333 15.1 1750.8 1082 5
Enzyme 4 0.100 Chamical 14.7 17284 S088 .4 14.7 17158 1144 5
Palymer 1 0.066 Mechanical 15.2 17684 50404 15.2 1746.0 5997
Palymer 1 2.074 Mechanical 15.1 17748 5285.2 15.1 1766.8 1858.1
Palyrmer 1 5.000 Mechanical 14.9 1787.7 59778 14.9 17829 27786
Palymar 2 1.252 Mechanical 14.9 17558 48401 14.9 17558 1358 3
Palymer 2 2.500 Machanical 14.6 1733.2 33981 14.6 17252 1379.0
Palymer 2 5.000 Machanical 15.2 1758.8 5115.8 15.2 17524 2254 6
Palymer 3 1.000 Machanical 14.8 17718 4454.0 14.8 1TE8.4 1468.6
Palymer 3 2.500 Machanical 16.7 1760.4 49091 16.7 1747 6 2578.7
Palymar 3 5.000 Machanical 15.8 17398 4364 4 15.8 1734 8 17789
Palymer 4 0.104 Machanical 14.7 17604 4488.5 14.7 1762.0 5239
Palymer 4 2.500 Machanical 16.7 17140 31785 16.7 17220 13721
Palymer 4 5.000 Machanical 16.0 1657.9 1537.5 16.0 1654.7 0
Patraleum Emulsion 1 2.530 Machanical 13.7 1818.1 4550.6 13.7 1818.1 20510
Patroleum Emulsion 1 5.000 Machanical 13.8 17973 3454.3 13.8 1792.5 2171.9
Patroleum Emulsion 1 5.000 Machanical 129 17813 2109.8 129 1TBT.7 1758.2
Trae Resin 1 7.300 Machanical 13.2 17428 2502.8 13.2 17508 1482 4
Trae Resin 1 9.000 Machanical 121 1688.3 1847.8 121 1706.0 751.5
'Dry density remained the same aller he J5-day cure peripd alibough the rmoisture conlent changed due to evaparstion.

*Speimen disinlegraled when exgoaed bo water. UCS could net be determined.

Newman et al. (2004) experimented with various emulsion types, and found that
ductility for silty sand was increased by the emulsions. The samples were cured at 23<C and
50% relative humidity for 3 days. The optimum moisture contents for compaction of samples

were determined using the modified Proctor test (ASTM D1557). The unconfined
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compressive strength, toughness, and retained wet strength were all increased by the
polymers compared to cement after 28 curing days. For the UCS, a 2.75% concentration of
acrylic vinyl acetate copolymer, polyethylene-vinyl acetate copolymer, and polymeric
proprietary inorganic acrylic copolymer exhibited similar UCS to 9% cement after 28 curing
days. The toughness of soils with these three additives was also much higher than for the
cement. Acrylic vinyl acetate copolymer showed the highest value of toughness after 28
curing days. The retained wet strength and toughness were affected by all of the additives,
and the retained wet toughness was higher than for cement-stabilized soil with 28 days curing
time. However, from the standpoints of curing time and toughness values, some of the
polymers didn’t demonstrate optimum material properties with a 28-day curing time.
Al-Khanbashi and Abdalla (2006) determined the effects of waterborne polymers on
sandy-soil stabilization with styrene-acrylic, a copolymer emulsion, and vinyl-acrylic
copolymer-based emulsions. Hydraulic conductivity, compressive strength, and scanning
electron microscope (SEM) measurements were also discussed. To measure the properties, a
flexible membrane liquid apparatus was used, and unconfined compression tests and
microscopic examinations were conducted. The soil used in the experiment was classified as
poorly-graded sand (SP) based on the USCS. According to the Modified Proctor Test
Procedure (ASTM 1557), for a polymer content of 5%, the optimum moisture content was 6%
and the maximum density was 1.67 Mg/m®. From flexible-wall permeameter tests, the
hydraulic conductivity was decreased when the polymer content exceeded 3% by weight, and
reached a minimum at 5% polymer content. All the polymers increased the strength and the
stiffness of the sand, and the vinylacrylic produced the best effect in terms of increasing the

strength and modulus values.
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Homauoni et al. (2011) used polyvinyl acetate and poly methyl methacrylate to stabilize
dune sands classified in the SP group according to the USCS. The strength of dune sand was
increased by both of the polymers and the results of the California Bearing Ratio (CBR) test
showed that the strength in the dry state was better than that in the saturated state. From the
analysis, the optimum additive amount of polymer was found to be 3% by dry weight, and
the optimum curing time was 28 days.

Naeini et al. (2012) focused on the unconfined compressive strength of clayey soils
stabilized with different dosages of waterborne polymers, and described laboratory
experiments for testing the effects of curing time, polymer content, and plasticity index.
Different dosages of polymers (2, 3, 4 and 5%) were added to three fine-grained clayey
samples with different plasticity indexes. The soils were then compacted under optimum
water content and maximum dry density conditions (ASTM D-1557). Strengths with
different curing times (2, 4, 6, 8 and 14 days) were determined by unconfined compression
tests according to ASTM D2166. The unconfined compressive strength increased rapidly
during the first 8 days, then remained constant for 14 days. The unconfined compressive
strength increased with the polymer content, and reached a maximum at a polymer content of
4%. The plasticity index is another important parameter that affects unconfined compressive
strength. Based on the test results, a higher polymer content could affect the stress-strain
behavior of soil samples by changing them from brittle to ductile behavior due to an increase
in plasticity index. For application in roadways, a 4% polymer content and 8-day curing time

were recommended for soil stabilization.
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Microbial stabilization

Microbial stabilization is an emerging biological method for soil stabilization, and
microbes constitute the largest biomass on earth (Karol, 2003).  Generally, the
microorganisms which biodegrade complex compounds in soil and water are bacteria and
fungi. Some engineering properties are improved by natural microbial biological processes,
and the cost of microbial stabilization tends to be lower than that of other methods.

The process of microbial stabilization cements the sediments consisting of calcium,
magnesium, iron, manganese, and aluminum through a network of chemical reactions, and
the engineering properties of soil are altered by the byproducts of these reactions (DeJong et
al., 2006). The permeability, stiffness, compressibility, shear strength, and volumetric
behavior are improved in such bio-mediated systems. The permeability is reduced by 107,
and the shear strength and stiffness are increased by 102, according to results reported for
bio-mediated improvement processes (DeJong et al., 2010).

The improvement of soil properties through microbial stabilization has been achieved in
many areas such as liquefaction mitigation, settlement reduction, and slope stabilization. In
addition, some environmentally-friendly factors such as energy storage and carbon
sequestration are also provided by bio-mediated systems (DeJong et al., 2010). However,
some drawbacks exist for microbial stabilization: the process is usually slower and more
complex compared to chemical grouting; the time rate and various environmental factors
such as temperature, pH, and concentrations of donors must be better-controlled during the

deployment of microbial stabilization approaches (Ivanov et al., 2008).
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Shear strength of soil

Mohr-Coulomb Failure criterion
Mohr (1900) introduced a theory that neither the maximum normal nor the shear stress is
the cause of soil failure, but a combination of normal stress and shear stress. Coulomb (1776)
found that the relationship between the normal stress and shear stress at failure can be
described by a linear function for typical soil mechanics problems;
Ty =c+otang (5)
where
¢ = cohesion
¢ = angle of internal friction
o = normal stress on the failure plane
77 = shear strength (shear stress on the failure plane)
Equation 5 is referred to as the Mohr-Coulomb failure criterion. In terms of effective stress,
the Mohr-Coulomb failure criterion can be expressed using the drained cohesion ¢’ and
effective normal stress ¢’ as
7 =c' + o' tang’ (6)
The typical linear relationship between the shear stress and the effective normal stress is
shown in Figure 7. The theoretical angle between the major principal plane and the plane of

failure is

!

p=45+L (1)
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Cohesion of sands and inorganic silts as well as normally consolidated clays is generally
taken to be zero. Table 4 shows typical values of drained angles of friction for sands and silts,

and Table 5 shows an example of triaxial test results for some normally consolidated clays.

Figure 7. Mohr-Coulomb failure criterion (from Craig, 2005).

Table 4. Typical values of drained angle of friction for sands and silts (from Das, 2010).

Soil type &' {deg)
Sand: Rounded grains

Loose 27=-30
Medium 30-35
Dense 35-38
Sand: Angular grains

Loose 30-35
Medium 35-40
Dense 40045
Gravel with some sand 3448
Sifts 26-=35
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Table 5. Triaxial test results for some normally consolidated clays obtained by the
Norwegian Geotechnical institute (from Das 2010).

Drained

Liquid Plastic Liquidity friction angle, _
Location limit limit index Sensitivity® @' (deg) As
Seven Sisters, Canada 127 35 0.28 19 0.72
Sarpborg 69 28 0.68 5 25.5 1.03
Lilla Edet, Sweden 68 30 1.32 50 26 1.10
Fredrikstad 59 22 0.58 5 28.5 0.87
Fredrikstad 57 22 0.63 6 27 1.00
Lilla Edet, Sweden 63 30 1.58 50 23 1.02
Gta River. Sweden 60 27 1.30 12 28.5 1.05
Gta River, Sweden 60 30 1.50 40 24 1.05
Oslo 48 25 0.87 4 31.5 1.00
Trondheim 36 20 0.50 2 34 0.75
Drammen 33 18 1.08 8 28 1.18

Several tests for determining shear strength have been developed over the past century,
including the direct shear test, triaxial test, direct simple shear test, plane strain triaxial test,
and torsional ring shear test. Generally, the direct shear and triaxial tests are most often used

to determine the shear strength.

Unconfined compressive strength

The unconfined compression test is a special case of an unconsolidated-undrained
triaxial test in which the confining or cell pressure is zero relative to atmospheric pressure
(Holtz et al., 2011). Figure 8 shows the major principal stress on the specimen at failure for
the test conducted according to the ASTM D2166. There are two typical types of failure from
the unconfined compression test, i.e., distinct failure planes for stiffer specimens, and

barreling behavior for softer specimens.
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Figure 8. Unconfined compression test (from Das, 2010).

Direct shear test

The direct shear test was used by Coulomb more than 230 years ago to determine the
necessary parameters for his strength equation (Holtz et al., 2011). The direct shear box has
two separated horizontal halves, with the bottom half fixed and the top half pushed or pulled
horizontally, as shown in Figure 9. A normal load is applied on the load cap, and shear stress
and vertical and horizontal deformation are measured according to ASTM D3080. Typical

direct shear test results for dense and loose sands are shown in Figures 10 and 11.
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Figure 10. Typical direct shear test results for dense sand; (a) shear stress and height

change versus shearing displacement for specimens at the same initial relative density;
(b) Mohr-Coulomb failure envelope (from Holtz et al., 2011).
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Figure 11. Typical direct shear test results for dense sand with different initial void
ratios (loose vs. dense) and same vertical stress (a): shear stress and volume change vs.
shear displacement, (b): void ratio vs. shear displacement (from Das, 2010).
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CHAPTER 3. MATERIALS AND METHODS

The performance of two types of soil with varying amounts of monomer, polymer, and
cement was evaluated to explore their behavior using both traditional and nontraditional
stabilization methods. Two specific kinds of soil were used for tests: western lowa loess (a
wind-blown silt) and Ottawa 20-30 sand. Stabilization properties of the soil types were
determined by compaction tests, unconfined compression tests, and direct shear tests. These

materials are described in this chapter, and the various preparation methods are introduced.

Test Materials

Western lowa loess (Silt)

Western lowa loess is an aeolian silt from the Missouri river basin, and is composed of
feldspar, quartz, mica and other minerals (USGS, 1999). It primarily consists of cohesionless
silt-sized particles, but can possess cohesion if clay minerals are present. Loess materials
comprised entirely of cohesionless silt particles can also exhibit apparent cohesion at low
moisture contents due to negative capillary pressure which is lost upon wetting, or due to
negative pore pressures caused by dilation during shearing. Therefore, if the moisture content
of loess increases sufficiently, the material can lose its apparent cohesion and be prone to
collapse. This soil material was chosen for the stabilization study based on extensive past
research regarding its susceptibility to collapse and its stabilization potential. A significant
volume of research on loess is available in the engineering literature, including test results
regarding particle size analysis, specific gravity, Atterberg limits, and stabilization

performance. (e.g., El Howayek et al., 2011)
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Loess is distributed widely throughout the world, and is found in such places as England,
USA, China, Belgium, Iran, China, and Thailand (Eden et al., 1988). Figure 12 displays
Loess deposits in the United States and shows that lowa is one of the regions where this type

of soil is most extensively found.

Figure 12. Outline of major loess deposits in the United States (from Gibbs et al., 1960).

The structure of loess is very loose, with high void ratios. Certain moisture and load
combinations can induce stability, collapse, seepage, erosion, and problems related to large
consolidation (Gibbs et al., 1960).

Previous research has indicated that the specific gravity (Gs) of western lowa loess is
2.72, its liquid limit (LL) is 29%, and its plastic limit (PL) is 23% (Li, 2013). According to
AASHTO classification, loess belongs to the A-4(0) group. The USCS group symbol for

loess is ML, designating silty sand. Figure 13 shows the particle-size distribution of western
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lowa loess. The optimum moisture content and maximum dry density were determined in this

study using compaction tests whose methods and results will be described in later chapters.
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Figure 13. Particle size distribution curve of western lowa loess (from Li, 2013).

There are several potential ways to stabilize western lowa loess against the types of
problems described above, including both traditional and nontraditional stabilization methods.
Loess stabilized by cement and fly ash, bottom ash, or rice-husk ash has been shown to
perform better than crushed rock in terms of California Bearing Ratio (CBR) and settlement
in plate load tests, making it suitable as a road base course (Sirichai et al., 2010). In the
present study, stabilization of loess was examined using monomers and polymers with

various curing methods.

Ottawa sand (ASTM 20-30 sand)

Ottawa 20-30 sand is a standard sand for testing hydraulic cements, which is specified
by ASTM C778-13 and widely used in geotechnical laboratory testing. As its name implies,
this sand consists of uniformly-sized particles between the No. 20 and 30 sieves (Figure 14).

Based on sieve analysis, the AASHTO classification for this soil is A-1-b and the USCS
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classification is SP; poorly-graded sand. Such sand is somewhat unsuitable for use in
construction materials. However, its relatively small cohesion and compaction-sensitive
problems, along with a good understanding of its properties from many previous studies on

20-30 sand, make it a good candidate to study the effects of stabilization for cohesionless

sands in general.
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Figure 14. Particle size distribution curve of Ottawa sand (from Li, 2013).

Table 6 shows typical gradation properties of Ottawa 20-30 sand. The minimum index
void ratio (emin) and maximum index void ratio (emax) can be obtained using ASTM D4253
and ASTM D4254, respectively. In this study, the optimum moisture content and maximum
dry density for Ottawa sand was tested using the Standard Proctor compaction test. The shear
strength for the Ottawa sand stabilized by cement and polymers were then studied, as will be

shown in later chapters.

Table 6. Typical properties of Ottawa 20-30 sand (from Santamarina et al., 2001).
Sand €max €min Dso(mm) | Dyo(mm) Cy C. Gs

Ottawa 20-30 0.742 0.502 0.72 0.65 115 | 1.02 | 2.65
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Monomers

An acrylated glycerol monomer was used in this study to modify the engineering
properties of the loess soil. The glycerol was chemically modified with acrylic acid in the
presence of a free radical inhibitor (hydroquinone) and a base catalyst (triphenyl phosphine).
Two versions of this monomer were used to evaluate the compressive strength of loess, one a
water-soluble acrylated glycerol monomer, the other a “soft block™ type polymer (Forrester,
2014). The monomers and polymers used were proprietary experimental materials currently
being developed by researchers in the Departments of Chemical and Biological Engineering
and Civil, Construction and Environmental Engineering at lowa State University.

The water-soluble acrylated glycerol monomer was applied at a 2% to 4% addition by
dry soil weight. In order to reduce its viscosity and improve its dispersion, the liquid
monomer was dissolved in water at 60<C prior to being mixed with the loess by hand. The
amount of water used assumed a 1:1 monomer to water replacement ratio by weight, such
that the sum of water-soluble acrylated glycerol monomer and water corresponded to the

optimum moisture content of the loess.

Biopolymers

Biopolymers are natural polymers formed by monomer units consisting of carbon
compounds. The most typical source of biopolymers is polysaccharides, but other sources
such as algae and microbes can also be used to produce a biopolymer. The glycerol of the
biopolymer was allowed to polymerize in the presence of a reversible addition-fragmentation
transfer (RAFT) agent, or chain transfer agent (CTA). An initiator was added to remove the

free-radical inhibitors and a solvent (methanol) was added to achieve the correct solution
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concentration (Forrester, 2014). This material is also known as a “soft-block™ type polymer,
meaning that it is very elastic with a high capacity for stretching before mechanical failure.

In this study, the ability of the biopolymer to increase the shear strength and ductility of
Ottawa sand was investigated by direct shear tests, using addition rates from 1% to 4%

biopolymer by dry soil weight.

Cement

To gauge the stabilization performance of the biopolymer against conventional
stabilization methods for sands, Lafarge Type Il portland cement was also used to stabilize
the Ottawa 20-30 sand in direct shear tests. This type of cement is often selected for general
use, especially when moderate sulfate resistance or moderate heat of hydration is desired.

The cement dosage was determined from both previous research and the PCA short-cut
method described in the previous chapter (Portland Cement Association, 1971). Based on
particle-size analysis and the maximum dry density of the Ottawa 20-30 sand, the optimum
cement content determined using the short-cut method was 12% to 13% by dry soil weight. A

similar range of 8% to 10% was reported in previous research studies (Rahman et al., 2008).

Test Methods

Specimen preparation

Different mixing procedures, compaction methods, and curing methods were used to
prepare stabilized soil specimens for the various materials and tests. The untreated and
stabilized soil specimens using variable amendment and water contents were tested to

observe and compare the behavior of the stabilized soils.
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Western lowa Loess

For the Western lowa loess, both untreated and stabilized specimens were tested for
unconfined compressive strength. Triplicate specimens for each combination of water and
additive content were prepared to assess the repeatability and statistical variation of test
results. During the mixing procedure, water was sprayed onto the soil using a spray bottle to
keep the moisture content of the soil as uniform as possible. The original water content of the
air-dried determined to be 2.99%, as tested according to ASTM D4643. For the specimens
with polymer and monomer, the amendment was diluted with water and the percent of
additive varied from 2% to 4% measured by dry soil weight.

To determine the strength of the untreated and stabilized soils, specimens were cured for
periods of 1 hour, 1day, 7 days, and 28 days under uniform temperature and humidity
conditions. A room temperature of approximately 24<C was selected for the curing
temperature. An air-drying method was used during the curing to provide conditions similar

to those in the field (Newman et al., 2004).

Ottawa (ASTM 20-30) sand

The untreated Ottawa sand specimens were prepared at their air-dry moisture content
and directly tested in the direct shear device. The initial moisture content of the air-dried
Ottawa sand was determined to be 0% according to ASTM D4643. The stabilized sand
specimens were compacted by hand inside direct shear and oedometer rings using a wooden
tamp. Because of material variations, different curing methods were used for the Ottawa sand
with added polymer and cement. Specimens were prepared at optimum moisture content

(OMC) minus 2% for the direct shear tests.
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As mentioned above, the polymer was first diluted with the required amount of water
before mixing with soil, as it was originally in a semi-solid plastic form prior to preparation.
Based on the supplier’s recommendation, the temperature of the water used for diluting the
polymer ranged from 60<C to 90<C. A hot-plate with magnetic stirrer apparatus was used to
mix the water and polymer (Figure 15). A beaker of water was first placed on the hot plate,
and the monomer or polymer was added when the water temperature reached 60<C. The
magnetic stirrer was then used to mix the polymer and water at a uniform speed for 30

minutes.

monomers/polymers with water.

All the direct shear Ottawa sand specimens with polymer were compacted by hand
within the direct shear or oedometer rings placed on a steel plate as shown in Figure 16. To
decrease air voids and achieve uniform densities of the specimens, three layers were used

during compaction. The specimens with polymer were compacted directly in the shear ring at
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OMC minus 2%, and their moisture contents were allowed to decrease during curing in the
oven. The oven curing temperature for Ottawa sand with polymer was chosen to be 43<C
(110°F) for 3 days, based on results of previous research (Newman et al. 2004).

For Ottawa sand with cement, three layers were also used during compaction. Prior to
compaction, plastic wrap and aluminum foil were placed under the oedometer and direct
shear rings, as shown in Figure 17. Additionally, the metal rings were lined with strips of
paper to prevent the specimens from becoming cemented to the rings, thus enabling them to
be released without damage. After compaction, the specimens and rings were wrapped in the
plastic wrap and aluminum foil to retain their moisture and then cured at room temperature

for 7 days.

Figure 16. Preparation method for the polymer-stabilized sand spééimens.
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Compaction test

As described Chapter 2, a compaction test is a basic procedure for evaluating the
optimum moisture content and corresponding maximum dry density of soils based on
experimentally measured compaction curves (ASTM D698 and D1557). The optimum
moisture content was one of the important parameters for specimen preparation in this study.
The Standard Proctor compaction test (ASTM D698) is the most common compaction test,
and was used to determine the optimum moisture content and corresponding dry density for
Ottawa sand. For Western lowa loess, a more efficient compaction procedure developed for
fine-grained soils was employed (Chu and Davidson 1966), which uses smaller specimens to

save both time and materials.
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Western lowa Loess

The compaction method used for Western lowa loess was a modified version of the ISU
2x2 compaction test using the apparatus shown in Figure 18. The specimens from this
compaction procedure were not only used to determine the optimum moisture content, but

also for the unconfined compressive strength tests.
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Figure 18. ISU 2x2 compaction device: (a) photo, and (b) schematic
(from O'Flaherty et al. 1963).

The ISU 2x2 compaction device produces specimens that are 2 inches in diameter by 2
inches in height. For this device, a 5-pound hammer is dropped from a height of 12 inches to
deliver 10 blows, and the specimen is placed in a single layer. This provides a compaction

energy per unit volume of 13,750 ft-bf/ft;

—
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No.of blows x weight of hammer * height of drop

Energy impact =

(8)

Volume of sample

10 * 51b * 12 ins—"
12 ft

= — = 13,750 ft-Ibf/ft°
<2$) * T % 2 in*(llzl}it>

which is slightly higher than the compaction energy of 12,400 ft-Ibf/ft> specified in the

Standard Proctor compaction test (ASTM D698). However, the unconfined compression test
Standard ASTM D2166 specifies a minimum acceptable height-to-diameter ratio of 2:1.
Therefore, the ISU 2x2 compaction device was used, but the size of the specimen was
increased to 2 inches in diameter by 4 inches in height for the modified 2x4 ISU compaction
device method. Additionally, the soil was compacted using two layers for the modified
method, with 10 blows per layer, to achieve the same compaction energy per unit volume.

The compaction energy for the modified 2x4 method is therefore also 13,750 ft-Ibf/ft>;

No.of blows x weight of hammer * height of drop

Energy impact =

©)

Volume of sample

1in

20 % 51lb * 12 inx*
12 ft
= — = 13,750 ft-Ibf/ft®

.\ 2
2in 1in

(T) *T x4 i"*(u i

The results from compaction tests using the Standard Proctor compaction test (ASTM D698),
the 1ISU 2x2 compaction test, and the modified 2x4 test will be compared later in the results

section.

Ottawa sand (ASTM 20-30 sand)

To determine the relationship between water content and dry unit weight for Ottawa
sand, a Standard Proctor compaction test was conducted. This test followed ASTM D698,

Standard Test Methods for Laboratory Compaction Characteristics of Soil Using Standard
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Effort (12,400 ft-Ibf/ft> (6B00KN-m/m®). The size of the mold was 4 inches (101.6mm) in
diameter, 4.584 inches (116.4mm) in height, and 0.0333 ft* (944cm®) in volume. The weight
of the hammer was 5.5-1bf (24.4N), and it was dropped from a height of 12 inches (305 mm).
During compaction, three layers were compacted using 25 blows for each layer. The
corresponding compaction energy from Equation 1 is 12,400 ft-Ibf/ft®,

To determine the maximum dry unit weight and optimum moisture content, each
compaction specimen was oven-dried for a period of at least 24 hours at a temperature of
230 £9F (110 x£5<C) after measuring its compacted moist weight. Compaction curves were
then plotted for the tested moisture contents and the corresponding calculated dry unit

weights.

Evaluation of strength

Both the unconfined compression test and the direct shear test were used to evaluate the
strength behavior of the materials. As discussed above, loess can possess cohesion or
apparent cohesion, which enables the use of unconfined compression tests for measurement
the undrained shear strength. For the Ottawa sand, which is a non-plastic soil, the direct shear
test was used to determine the drained shear strength parameters; cohesion (c¢') and angle of

internal friction (¢').

Unconfined compression test (Loess)

The unconfined compressive strength was determined according to ASTM D2166,
which specifies the standard test method for unconfined compressive strength of cohesive
soil. Figure 19 shows the device used for the unconfined compressive strength determination.

All the data for plotting the stress-strain graphs were computer-recorded.
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Figure 19. Geotac automated equipment used for unconfined compression tests.

Before testing, the specimens were prepared following the procedures described above
for specimen compaction. As described there, specimens were cured at room temperature for
a period of 1 hour, 1 day, 7 days, or 28 days prior to an unconfined compression test.
Specimens were compacted at their optimum moisture content as determined by the
compaction tests. The diameter and height of the sample were measured and recorded at
three different points on each specimen, and the load cell and position indicator were zeroed
before each test.

The loading strain rate was set between 0.5% and 2% per minute so that the failure time
would not exceed 15 minutes. The unconfined compressive strength was identified when

either the compressive stress reached a peak value or a limiting strain of 15% was reached.
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Direct shear test (Ottawa sand)

The direct shear test was conducted to determine the shear strength of sand as specified
in ASTM D3080-Standard Test Method for Direct Shear Test of Soils under Consolidated
Drained Conditions. Figure 20 shows the automated direct shear testing apparatus used to

determine the shear strength of the untreated and polymer-modified sand specimens.

e Ll s

Figure 20. Geotac automated direct shear test device.

For the dry untreated Ottawa sand specimens, the weight and volume of the sample in
the shear box were measured, and their ratio was used to calculate the actual dry unit weight
Ya. The target relative density for the sand was 40%, which was the maximum achievable
relative density in this research for sand compacted in the direct shear ring using a wooden
hand tamper. The target sample height was 1 inch, while the shear box diameter was 2.5

inches. The target void ratio for a relative density of 40%, determined from the equation

) ) Maximum void ratio — void ratio e —-e
Relative density Dp = = 4 (10)

Maximum void ratio—Minimum void ratio emax—C€min

www.manaraa.com



44

with an assumed specific gravity Gs=2.65 and the properties given in Table 5, was €=0.646.
This void ratio was then substituted along with the known volume (V) into the relation

L Gs
Dry unit weight y; = Ty‘: = % (11)

from which the required dry mass of sand (My) needed for a relative density of 40% was
determined to be 129.51 grams for a specimen exactly 1 inch in height. However, a small
amount of sand was typically lost by adhering to the containers and tools during mixing with
the various stabilizers, and the polymer matrix tended to bulk up the specimens during curing,
which increased the distance between the solid particles and gave the specimens a final
height greater than 1 inch. This makes it difficult to determine the actual mass of dry sand
particles in a given cured specimen. Therefore, the relative density of the sand fraction was
estimated based on the actual measured mass and dimensions of the polymer-amended
specimens after curing, as shown in Table 7. In preparing the specimens, 140 grams of dry
sand was first weighed and the necessary mass of water and polymer (assuming a 1:1 water
to polymer replacement ratio by mass) was added to reach the target 13% OMC (i.e., 12%
water with 1% polymer, 11% water with 2% polymer, or 9% water with 4% polymer). It was
assumed that the water added during mixing was completely driven off during curing of the
specimen in the oven, so that the final measured mass in Table 7 consisted of sand plus the
added percentage of polymer. The mass of the sand fraction in the cured specimen (Table 8)
was therefore estimated by dividing the measured total mass of the cured specimen by one
plus the polymer percentage. The measured height of the cured specimen (sand plus polymer)
was then used to calculate the apparent void ratio of the sand skeleton alone, which was
generally larger than the void ratios of untreated sand due to the bulking effect of the

polymer, resulting in negative relative densities. The calculated void ratios and relative
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densities of the sand skeleton fraction, reported in Table 8, indicate the relative consistency
between the specimens.

The cement-treated sand specimens were cured for 7 days at room temperature, while
the polymer-treated sand specimens were cured for 3 days in an oven at 43<C (110<F). Prior
to the direct shear tests, the mass, diameter, and height of each specimen were measured at
three different locations, and the load cell and position indicators were zeroed. The horizontal
shearing rate was set to 0.01in/min, and normal stress values of 5, 10, 20, and 30 psi were
selected for each group of specimens. The nominal vertical and shear stresses, vertical
displacement, and horizontal shearing displacement were recorded during the direct shear
tests. The cohesion and friction angle of the materials were then determined from plots of the

peak shear stress versus normal stress, as discussed in Chapter 4.
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Table 7. Actual measured dimensions, total mass, and bulk unit weight for the polymer-

amended specimens after curing.
Sample name |Normal stress| H (inch) m (g) \" (ft3) Y (pcf)
G54 5 psi 1.036 123.63 | 0.00294 92.61
20 psi 1.000 120.20 | 0.00284 93.29
2% rebond 1.064 121.64 | 0.00302 88.72
30 psi 1.040 124.85 | 0.00295 93.17
Batch 2 G54

10 psi 1.020 124.50 | 0.00290 94.73
4% 20 psi 1.057 129.00 | 0.00300 94.72
30 psi 1.075 132.46 | 0.00305 95.63

G101
10 psi 1.070 130.98 | 0.00304 95.00
2% trial 1 20 psi 1.054 129.90 | 0.00299 95.65
30 psi 1.053 130.02 | 0.00299 95.83
10 psi 1.067 129.83 | 0.00303 94.43
2% trial 2 20 psi 1.100 131.72 | 0.00312 92.93
30 psi 1.063 130.76 | 0.00302 95.47

G101
10 psi 1.053 126.44 | 0.00299 93.19
4% trial 1 20 psi 1.072 135.22 | 0.00305 97.89
30 psi 1.064 132.49 | 0.00302 96.64
10 psi 1.068 135.00 | 0.00303 98.15
4% trial 2 20 psi 1.057 133.36 | 0.00300 97.96
30 psi 1.031 129.63 | 0.00293 97.63

cement

10 psi 1.050 142.65 | 0.00298 105.44
12% 20 psi 1.052 141.50 | 0.00299 104.39
30 psi 1.047 140.20 | 0.00297 103.92
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Table 8. Dimensions of cured polymer-amended specimens, and estimated dry unit
weight, void ratio, and relative density of the sand fraction.

Sample name |Normal stress| H (inch) | mg,4(g8) V(ft3) Y4, sand (PCF) | €cang | Dy, sand (%)
G54 5 psi 1.036 121.16 | 0.00294 90.76 0.822 -33.3%
20 psi 1.000 122.35 | 0.00284 91.42 0.809 -27.8%
2% rebond 1.064 119.21 | 0.00302 86.95 0.902 -66.6%
30 psi 1.040 117.80 | 0.00295 91.30 0.811 -28.8%
Batch 2 G54

10 psi 1.020 119.52 | 0.00290 90.94 0.818 -31.8%
4% 20 psi 1.057 123.84 | 0.00300 90.93 0.819 -31.9%
30 psi 1.075 127.16 | 0.00305 91.80 0.801 -24.7%

G101
10 psi 1.070 128.36 | 0.00304 93.10 0.776 -14.2%
2% trial 1 20 psi 1.054 127.30 | 0.00299 93.74 0.764 -9.2%
30 psi 1.053 127.42 | 0.00299 93.91 0.761 -7.8%
10 psi 1.067 127.23 | 0.00303 92.54 0.787 -18.7%
2% trial 2 20 psi 1.100 129.09 | 0.00312 91.07 0.816 -30.7%
30 psi 1.063 128.14 | 0.00302 93.56 0.767 -10.6%

G101
10 psi 1.053 121.38 | 0.00299 89.46 0.848 -44.3%
4% trial 1 20 psi 1.072 129.81 | 0.00305 93.98 0.760 -7.3%
30 psi 1.064 127.19 | 0.00302 92.77 0.782 -16.8%
10 psi 1.068 129.60 | 0.00303 94.22 0.755 -5.4%
4% trial 2 20 psi 1.057 128.03 | 0.00300 94.04 0.758 -6.8%
30 psi 1.031 124.44 | 0.00293 93.72 0.764 -9.3%

cement

10 psi 1.050 125.53 | 0.00298 92.78 0.782 -16.8%
12% 20 psi 1.052 124.52 | 0.00299 91.86 0.800 -24.2%
30 psi 1.047 123.38 | 0.00297 91.45 0.808 -27.6%
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CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION

Compaction test results

Western lowa Loess

The compaction test results for Western lowa loess are shown in Figure 21. The

compaction curves followed typical textbook bell-shaped trends (e.g,. Holtz et al. 2011). The

results from the modified 2>4 compaction tests are similar to those from the 2>2 compaction

test results, but resulted in slightly lower dry unit weights and a higher optimum moisture

content. From the 2> results, the optimum moisture content of loess was 17.1% and the

corresponding maximum dry unit weight was 105.4 pcf. For the modified 2>4 procedure, the

optimum moisture content was 18% and the maximum dry unit weight was 101.9 pcf.
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Figure 21. Compaction test results for untreated loess.
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Unconfined compressive strength results

The unconfined compressive strength (UCS) is an engineering property designating the
undrained shear strength of cohesive specimens. For stabilized soil specimens, the value of
the UCS is affected by the curing method, curing time, stabilizer type, and stabilizer content.
In general, UCS is also a function of moisture content and compaction energy. To control the
number of variables in this study, and also to measure UCS values that would correspond to
field-compaction specifications, all the monomer-treated UC specimens were prepared at the
optimum moisture content (OMC) of the untreated 2x4 specimens determined from
Figure 21. The UCS of untreated specimens at OMC and 2% below OMC were also
measured as a control group for comparison with the amended soils. For the polymer-
amended specimens, the water was reduced assuming a 1:1 replacement by polymer. For
each polymer content (including 0%), three individual specimens were tested to verify
repeatability and obtain statistical average values. Typical failures of the monomer-treated

and untreated specimens in unconfined compression tests are shown in Figures 22 and 23.

tests.
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Figure 23. Typical failure of untreated specimens in unconfined compression tests.

Effect of curing time and monomer content on UCS

To examine the influence of curing time on unconfined compressive strength, specimens
were prepared and tested with curing times of 0, 1, 7, and 28 days. Test results for 2% and
4% monomer-amended specimens compacted at OMC and untreated loess compacted at
OMC and OMC-2% are shown in Table 9 and Figures 24 and 25. All specimens exhibited
similar strength values for a curing time of 1 day, and the strengths of the untreated
specimens increased more rapidly with time than the monomer-stabilized specimens
(Figure 24). However, beyond 7 days of curing, the strength of the 2% monomer-stabilized
loess specimens continued to increase more rapidly, and eventually exceeded that of the

untreated OMC—-2% specimens after about 26 days (Figure 25). Finally, the average UCS of

www.manaraa.com



o1

specimens with 2% monomer became slightly greater than that of the untreated OMC—-2%

specimens after 28 days of curing. Two out of three trials for the 2% monomer-amended

specimens had strengths approximately 20% greater than the untreated loess. It is possible

that the first trial with a low strength may be an outlier due to a problem with sample

preparation. Thus, it appears that a strength increase of monomer-amended loess may occur

due to sufficient aging of the polymer or evaporation of sufficient water from the sample.

Although the average 28-day strength of the 2% monomer-stabilized specimens is slightly

larger than that of the untreated OMC-2% specimens, it is still much lower than that of

cement-stabilized loess, which can reach values as high as 246 psi as reported Angelova

(2007).

Table 9. Unconfined compressive strength results for monomer-treated loess specimens.

. Unconfined compressive strength (psi)
Curing _ omC [omc-2%
time Trial Monomer Content (%)
(day)
0 2 4 0
1 9.8 8.2 7.3 9.5
0 2 9.5 8.8 7.2 9.0
3 9.5 8.4 8.2 8.9
Mean 9.6 8.5 7.6 9.1
Standard deviation 0.2 0.3 0.6 0.3
1 215 15.6 19.8 24.7
1 2 20.8 24.8 20.7 27.0
3 23.1 22.9 18.8 37.3
Mean 21.8 21.1 19.7 29.7
Standard deviation 1.2 49 1.0 6.7
1 64.1 68.1 36.2 98.4
7 2 114.8 46.4 58.8 116.6
3 82.0 79.1 62.7 100.6
Mean 86.9 64.5 52.6 105.2
Standard deviation 25.7 16.6 14.3 9.9
1 80.1 119.1
28 2 - 158.3 - 120.1
3 148.1 136.3
Mean - 128.8 - 125.1
Standard deviation - 42.5 - 9.6

www.manaraa.com



52

—&—Untreated, OMC

120 4 =——Untreated, OMC-2%

—l—2% monomer, OMC

——4% monomer, OMC
80 -

60 -

20

Unconfined compressive strength (psi)

Curing time (days)

Figure 24. Effect of curing time up to 7 days on average UCS of untreated and
monomer-amended loess specimens.
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Figure 25. Effect of curing time up to 28 days on average UCS of untreated and
monomer-amended loess specimens.
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Effect of monomer content on UCS of loess specimens

The relationship between monomer content and unconfined compressive strength is
presented in Figure 26. For curing times of 1 hour and 1 day, the strength of the untreated
loess was virtually unaffected by the monomer content. The strength at 7 days was decreased
by 35% and 48% for 2% and 4% monomer contents, respectively. However, a slight strength
increase of 3% over that of the untreated OMC—-2% specimen was observed for the 2%
monomer specimen at 28 days, with Trials 2 and 3 having shear strengths roughly 20%

higher than the untreated loess.
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Figure 26. Effect of monomer content and curing time on average UCS of loess
specimens compacted at OMC.

Effect of polymer content on stress-strain behavior

In addition to its effect on strength, another anticipated potential benefit of polymer
stabilization is to change the stress-strain behavior from a brittle failure to one that is more

ductile. Increased ductility would enable soils and slopes to undergo larger deformations
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before failure. Additionally, failures would occur more gradually with time rather than
suddenly, giving engineers more time to notice and react. To investigate this aspect, the
stress-strain curves from UC tests on the loess specimens are shown in Figures 27
through 30. All curves exhibit an initial quasi-linear region followed by a strain-softening
yield zone characteristic of dense specimens. Based on these plots, the stiffness (slope) and
failure modes indicated by the stress-strain curves for monomer-stabilized loess are very
similar to those of the untreated loess for curing durations of 1 hour and 1 day (Figures 27
and 28). For a curing duration of 7 days, however, the stiffness of the stress-strain curve for
the untreated specimen is initially lower, but eventually exceeds those of the monomer-
stabilized specimens, whereas the strength of the untreated specimen is greater than that of
the monomer-stabilized specimens (Figure 29). The monomer-amended specimens showed a
slight increase in ductility relative to the untreated specimen after 1 hour of curing, but lower
ductility after 1 day and 7 days of curing. Thus, the amended loess did not exhibit an increase
in stiffness, ductility, or strength in the first 7 days of curing.

At first glance, these findings appear to support the statement by Newman and Tingle
(2004) that “Previous research studies in this area have demonstrated that many soil additives
have little to no benefit for silty, sandy soil types.” However, a limited number of tests were
conducted after 28 days of curing, for which an increase in strength was observed for some
of the monomer-treated specimens (Table 9 and Figure 30). This indicates that further testing
of longer curing times as well as refinement of the monomer’s physical and chemical

properties may yet prove beneficial for improving the strength of loess soils.

www.manaraa.com



55

12
1 hour

10 +

Stress (psi)
(=]
|

—— OMC, trial 3
—— OMC with 2% monomer, trial 2
—— OMC with 4% monomer, trial 3

0 1 T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Strain (%)

Figure 27. Effect of monomer content on UC stress-strain response of loess for curing
time of 1 hour.
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Figure 28. Effect of monomer content on UC stress-strain response of loess for curing
time of 1 day.
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Figure 29. Effect of monomer content on UC stress-strain response of loess for curing
time of 7 days.
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Figure 30. Effect of monomer content on UC stress-strain response of loess for curing
time of 28 days.
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Ottawa sand

As noted by Newman and Tingle (2004), “Sandy soils are problematic for stabilization
and often require cement and/or asphalt emulsion to provide cohesion for the soil.”
Therefore, bio-polymers derived from plant materials such as those investigated in this
research could offer more environmentally friendly and sustainable alternatives to cement
and asphalt for soil stabilization. The use of cement or petroleum-based stabilizers consumes
finite natural resources, whereas bio-polymers are created from renewable plant-based feed
stocks. Additionally, processing of cement and asphalt consumes large amounts of energy
while generating significant amounts of CO, and other greenhouse gasses, whereas
production of bio-polymers may require relatively less energy.

As an example, one possible application of bio-polymer stabilization of saturated sandy
soils is to improve their resistance to liquefaction following earthquakes. Liquefaction is the
loss of strength of saturated sandy soils due to increase in pore water pressure during cyclic
shearing, which can be responsible for loss of life and damage to infrastructure on every
continent amounting to several hundred billion U.S. dollars for large earthquakes. For
mitigation of liquefaction potential, a stabilizer should impart some cohesion to the sand,
while at the same time resisting loss of strength due to increasing pore water pressure during
shaking. This also requires that the stabilization method be “waterproof”. Ideally, if the
cohesive bonds are broken due to strong shaking or large static stresses, it would be
beneficial if the sand could heal and regain cohesive strength as well.

As a first step to investigate the stabilization potential of the bio-polymers studied
herein, the drained shear strength of biopolymer-stabilized sand specimens was measured

using direct shear (DS) tests. The DS tests enabled the cohesion and friction angle of the
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specimens to be measured. If the polymers are found to impart cohesion to the sands, then
they may be useful for further liquefaction-related tests involving dynamic loading and pore-
pressure measurement, such as cyclic triaxial or direct simple shear tests. The healing
potential of the polymers was also investigated by re-testing previously sheared specimens
several days after their first DS test. Resistance to water was also studied by immersing

specimens in water and observing whether they stayed intact.

Compaction test results

The compaction test results for Ottawa 20-30 sand are shown in Figure 31. The optimum
moisture content for Ottawa sand was determined to be 13%, and all the specimens used for
subsequent direct shear tests were prepared with moisture contents 2% below the optimum.
For reference, Homauoni et al. (2011) presented compaction test results for dune sand, also
classifed in the SP group according to the USCS. The optimum moisture content of dune
sand from their study was also found to be about 13%.

Since the permeability of sand is relatively high, some of the water drains and is lost
during the compaction tests. Therefore, some data points from the standard compaction test
for Ottawa sand may not be accurate, so more data points were added to produce an accurate

compaction curve.

www.manaraa.com



59

101
= 100 -
<
£ Yd, max= 100.82
-1
= wopt=12.91%
ot
)
-a 99 -
=2
)
£
=
&
(a] 98 -

97 T T T T T

4% 6% 8% 10% 12% 14% 16%

Moisture content (w%)
Figure 31. Compaction test results for Ottawa sand.

Direct shear test results

Results from all direct shear tests performed on Ottawa sand specimens are presented in
this section. In addition to polymer-stabilized sand specimens, untreated and traditional
cement-stabilized specimens were also tested as control groups used for comparison. As
noted in Chapter 3, all cement-treated sand specimens were cured for 7 days at room
temperature, while all polymer-treated sand specimens were cured for 3 days in an oven at
43T (110F). Both the cement- and polymer-amended Ottawa 20/30 sand specimens
showed improved shear-strength properties. Effects of aging and the healing properties of the
polymer-amended samples are also described in this section.

The typical direct shear failure characteristics of cement-amended sand specimens is
shown in Figure 32, while those of 2% and 4% polymer-amended sand specimens are shown

in Figures 33 and 34. For a polymer content of 2% as well as cement contents of 8% and
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12%, the specimens were completely fractured by shearing into two separate intact halves
that remained cemented (Figures 32 and 33), indicating a more brittle failure. For a polymer
content of 4%, the top half was displaced relative to the bottom, but the two parts of the
specimen remained bonded by the polymer, indicating a more ductile failure and a polymer

cementation with a capacity for large shearing displacements (Figure 34).

Figure 32. 8% cement-amended sand specimen after failure.
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Figure 33. 2% polymer-amended sand specimen after failure.

+1 a

er-amended sand specimen after failure.
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Shear stress and volume change behavior in direct shear tests

Figures 35 through 68 show the direct shear data for all of the polymer-amended,
cement-amended, and untreated Ottawa sand specimens. For each group of tests, both the
shear stress and vertical displacement are plotted as functions of horizontal displacement for
the different applied normal stresses. All of the vertical displacement data show an initial
slight contraction followed by a larger increase in sample volume (dilation) during shearing,
which is characteristic of dense sands. The peak shear stresses generally occur where the
slopes of the vertical displacement vs. horizontal displacement curves reach their maximum
values.

The polymer-amended sand specimens all exhibited greater peak shear stresses and
larger volume expansions than those of untreated sand. Comparing the polymer-amended to
cement-amended sand, the peak shear stresses of the polymer-amended sands showed values
close to those of the 8% cement-amended specimens. The 12% cement-stabilized sand
exhibited the greatest strength increase compared to the other series.

From Figures 35 through 68, it can be observed that polymer content is a very important
factor controlling the amount of volume expansion. With increasing polymer content, the
slopes of the shear stress versus horizontal displacement curves generally decreased, while
the volume expansion increased. The polymer also modified the brittle failure behavior of the
sand, making it more ductile; increasing polymer content generally produced larger
displacements at the peaks, with a more gradual reduction in post-peak shear stress under

increasing displacement.
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Figure 35. Shear stress versus horizontal displacement for untreated Ottawa 20/30
sand.
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Figure 37. Shear stress versus horizontal displacement for cement-amended sand.
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Figure 38. Vertical displacement versus horizontal displacement for cement-amended
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Figure 43. Shear stress versus horizontal displacement for Batch 2 G54 polymer-
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Figure 44. Vertical displacement versus horizontal displacement for Batch 2 G54
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Figure 46. Vertical displacement versus horizontal displacement for cement-amended

sand (Normal stress = 10 psi).
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Figure 47. Shear stress versus horizontal displacement for cement-amended sand
(Normal stress = 20 psi).

-0.06
Cement Amended, 20 psi
-0.05 A
-0.04 - e
3
£ -003
-
c
g 0.02
Q
(=]
8
% -0.01
= | e mm=a- sand
m
L2 0.00
3 8% t
> o Cemen
0.01
12% cement
0.02 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Horizontal displacement (inch)

Figure 48. Vertical displacement versus horizontal displacement for cement-amended
sand (Normal stress = 20 psi).
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Figure 49. Shear stress versus horizontal displacement for cement-amended sand
(Normal stress = 30 psi).
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Figure 50. Vertical displacement versus horizontal displacement for cement-amended
sand (Normal stress = 30 psi).
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Figure 51. Shear stress versus horizontal displacement for G54 polymer-amended sand

(Normal stress = 10 psi).
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Figure 52. Vertical displacement versus horizontal displacement for G54 polymer-

amended sand (Normal stress = 10 psi).
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Figure 53. Shear stress versus horizontal displacement for G54 polymer-amended sand
(Normal stress = 20 psi).
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Figure 54. Vertical displacement versus horizontal displacement for G54 polymer-
amended sand (Normal stress = 20 psi).
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Figure 55. Shear stress versus horizontal displacement for G54 polymer-amended sand
(Normal stress = 30 psi).
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amended sand (Normal stress = 30 psi).
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Figure 58. Vertical displacement versus horizontal displacement for Batch G54

polymer-amended sand (Normal stress = 10 psi).
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Figure 60. Vertical displacement versus horizontal displacement for Batch G54
polymer-amended sand (Normal stress = 20 psi).
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Figure 61. Shear stress versus horizontal displacement for Batch 2 G54 polymer-
amended sand (Normal stress = 30 psi).
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Figure 62. Vertical displacement versus horizontal displacement for Batch G54
polymer-amended sand (Normal stress = 30 psi).
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Figure 63. Shear stress versus horizontal displacement for G101 polymer-amended
sand (Normal stress = 10 psi).
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Figure 64. Vertical displacement versus horizontal displacement for G101 polymer-
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Figure 65. Shear stress versus horizontal displacement for G101 polymer-amended
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Figure 66. Vertical displacement versus horizontal displacement for G101 polymer-
amended sand (Normal stress = 20 psi).
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Figure 67. Shear stress versus horizontal displacement for G101 polymer-amended
sand (Normal stress = 30 psi).
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Figure 68. Vertical displacement versus horizontal displacement for G101 polymer-
amended sand (Normal stress = 30 psi).
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Drained Mohr-Coulomb shear strength parameters from direct shear tests

As discussed in the previous section, the polymer-amended sand exhibited peak shear
stresses that were greater than the untreated sand, and similar to those of the 8% cement-
amended sand. The peak shear stresses are plotted against normal stress in Figures 69
through 71, from which the Mohr-Coulomb failure parameters (cohesion and friction angle)
were determined. The cohesion, friction angle, and R? values from linear regression of all DS
tests are shown in the plots and also summarized in Table 10. In the table, Trial 1 and Trial 2
refer to tests on two independent sets of samples which were performed to examine the
repeatability of results.

As shown in Figure 69 and Table 10, the friction angles of the polymer-amended sands
were generally less than or equal to that of the untreated sand (35.2°). The friction angles of
cement-amended sand were larger than that of the untreated sand, especially for a cement
content of 12%.

The polymer-stabilized sand exhibited significant cohesion ranging between 13 and 40
psi, which was similar to the cohesion of the cement-stabilized sand (i.e., 20 and 37 psi for
cement contents of 8% and 12%, respectively). However, there was no clear trend between
polymer content and cohesion or friction angle, as demonstrated in Figures 72 and 73. This
may be partially due to the variations in material properties that were clearly evident between
the G54, G101 and Batch 2 G54 polymers provided to the research team. Due to the lack of a
clear trend, it was not feasible to develop an empirical model to predict the relationships
between polymer content and shear strength parameters of amended soil, and further study is

needed to examine this possibility.
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Table 10. Summary of shear strength parameters from direct shear tests on Ottawa
20/30 sand specimens.

Peak Shear Stress (psi
be['z\;a\llzsen (psi) Internal
. . Normal | Normal | Normal |Angle of|Cohesion )
Test Series trail 1 A . R
and trail Stress | Stress | Stress |Friction | (psi)
5 =10 psi | =20 psi | =30 psi | (deg)
Sand - 7.3 12.8 22.0 35.2 0.0 0.98
8% - 29.8 37.6 39.6 42.0 20.4 0.72
Cement
12% - 52.5 67.8 83.6 57.3 36.8 0.98
Trial 1 24.8 34.4 42.9 35.6 20.6 0.92
G54 Polymer| 2% - 14
Trial 2 44.2 52.2 54.5 27.1 40.1 0.92
1% - 23.1 26.7 30.5 20.3 19.3 0.99
Trial 1 26.6 27.6 31.4 15.1 23.9 0.85
9 17

Pc();lyl/r?qler 2% Trial 2 34.1 25.9 324 33.0 13.0 1
40 Trial 1 2 20.6 24.2 29.0 22.7 16.2 0.99
° [ Trial 2 25.5 335 39.4 35.8 18.9 0.85

Batch 2 G54 2% - 22.3 - 34.3 30.9 16.4 1
Polymer 4% - 29.2 34.0 32.1 8.3 28.8 0.36
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Effect of polymer aging on shear stress

From Table 10, it can be observed from the tests with multiple trials that there is a
relationship between shear stress and polymer aging. The peak shear strengths at 10 psi
normal stress for various polymers and polymer contents are shown in Figure 74 as a
function of the time of testing from Trial 1. The polymer material was stored in a freezer and
thawed at room temperature for one hour before preparing the specimens for the first trials.
The polymer was then placed back into the freezer and stored until specimens for the second
trials were prepared. At the time of DS testing, the polymer and soil had been in contact for
approximately the same period of time after mixing the specimens, so the only different
aging variable was the length of time that the polymer had been stored in the freezer prior to
Trial 1 compared to Trial 2. All the polymer ages in Figure 74 are measured from the time of
the first trial on each specimen, and indicate that peak shear stress increases with polymer
age. For 2% and 4% G101 polymer, the slope of the two lines are similar because both of the
first trials were conducted at approximately the same time and the same material was used.

These results indicate that the shear strength of polymer-amended specimens can
increase with age of the polymer due to changing of polymer properties with time. At the
time of the first direct shear test trials, the polymer-amended soil was more easily sheared.
With age, either the strength of the polymer itself increased, or else the polymer was able to

more effectively bond to the soil particles.
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Healing property of polymer-amended specimens

During the tests, an interesting phenomenon was observed; the broken polymer-amended

sample would sometimes heal by itself, as shown in Figure 75. This behavior was observed

several times, and it occurred whenever the polymer content was 4%. The cross-linking

potential or tensile strength of the polymer may explain this phenomenon. For a 4% polymer

content, the specimen was not broken into two parts, so there was no sand loss, and the

polymer re-bonded the top and bottom halves of the specimen after 7 days at room

temperature. The shear strengths of the healed specimens were not as large as those of the

original samples, but still represented an improvement over the untreated sand (Figures 76

through 79).
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Figure 75. Healed 4% polymer-amended sand specimen 7 days after first DS test.
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Figure 78. Shear stress versus horizontal displacement for untreated sand, initial test on
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Effect of water on polymer-amended specimens

To examine the potential performance of the biopolymers for stabilization of soils, it is
important to note that actual soil sites will exist under various states of saturation due to
subsurface flow, surface infiltration, and fluctuation of the ground-water table. Therefore, a
few specimens treated with G101 polymer were submerged in water for several days after DS
tests. The specimens were found to lose most of their cohesion when submerged (Figure 80).
To address this problem, it may be possible to treat the polymers with acetic acid during the
pyrolysis process, which will impart a degree of water-resistance. Testing of dry and
saturated specimens treated with such water-resistant polymers is beyond the scope of the

present study and is recommended for further research.

Figure 80. Submerged polymer-amended specimens. The specimen on the left was
gently probed with a spatula.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the test results and significant findings regarding the shear
strength of amended Western lowa loess and Ottawa sand. Compaction test results,
unconfined compression test results, and direct shear results are included. Recommendations

for future research are also provided based on the findings from this study.

Conclusions

Unconfined compression test results for loess
Unconfined compression tests were conducted on untreated loess specimens compacted
at OMC and OMC-2%, and loess specimens with 2% to 4% monomer content compacted at
OMC. The influence of curing time and monomer content on the strength and stress-strain
behavior was investigated for stabilized and untreated loess specimens. Conclusions from
these tests are as follows:
e The unconfined compressive strength increased with curing time for all specimens.
For a 7-day curing time, the unconfined compressive strength of the untreated
specimens increased more rapidly than for the monomer-amended specimens. For
curing times longer than 7 days, the unconfined compressive strength of stabilized
loess increased faster than that of untreated loess.
e The unconfined compressive strength decreased significantly with an increase of
monomer content for a 7-day curing time. The lowest UCS, a decrease of nearly one-
half, occurred at 4% added monomer. However, after a curing time of 28 days, the

UCS of 2% monomer-stabilized loess was higher than that of the untreated sample

www.manaraa.com



93

(at OMC-2%) for two out of three trials. The monomer thus shows the potential to
improve the strength of loess with additional curing time.

e The stiffness of the samples generally decreased with increasing monomer content,
and the stress-strain behavior initially showed a slight decrease in ductility at 1 and 7

hours, but eventually showed an increase in ductility after a curing time of 28 days.

Direct shear test results for Ottawa sand

Direct shear tests were conducted on untreated, cement-stabilized, and three types of
polymer-stabilized Ottawa sand specimens to determine their shear strengths. The shear
strength was found to be sensitive to both the polymer content and polymer age. The
improvement of shear-strength behavior and other significant findings were as follows:

e The shear strength of the polymer-amended sand was increased compared to
untreated sand. For the same normal stress level, the peak shear stress was increased
by 1.5 to 2 times for the polymer-stabilized specimens, resulting in shear stresses
similar to those of 8% cement-stabilized sand specimens. The G54 polymer
produced the best results, with peak shear stresses roughly 1.5 times those of an 8%
cement sample. Cohesion was increased from 0 psi to a range of 13 to 40 psi by
adding polymer, significantly improving its shear-strength behavior of the sand. The
friction angle of polymer-amended sand was similar to or lower than untreated sand.

e The dilation of the polymer-amended sand was significantly increased, as determined
from the vertical displacement measurements, and the failure behavior also changed
from brittle to ductile. The increased dilation might improve liquefaction resistance

by reducing positive excess pore pressures during cyclic shearing, and possibly
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creating negative pore pressures which would increase the effective stress and thus
further increase the cyclic shear-stress resistance.

e Polymer properties directly influenced the shear strength of amended sand. Higher
shear strength was measured for the sands stabilized with G54 polymer, which itself
was qualitatively observed to have a greater viscosity and strength than the G101 and
Batch 2 G54 polymers. Increasing age of the polymer was also observed to increase
its viscosity and strength, resulting in an even more significant increase in the
measured shear strength of the polymer-stabilized sand with time.

e The healing property of the polymer was demonstrated in several polymer-amended
samples, i.e., the tested sample self-repaired back toward its initial stabilized state.

The shear strength of the healed samples was still greater than that of untreated sand.

Summary

This study evaluated the effects of biopolymer and monomer stabilization on the shear
strength and stress-strain behavior of loess and sand. For monomer-amended loess, the
unconfined compressive strength was significantly lower after 7-days curing, and decreased
with increasing monomer content compared to untreated specimens, but increased after 28-
days curing. The shear strength of biopolymer-amended sand was significantly increased by
addition of the polymer. Polymer stabilization increased the shear strength of the sand
comparable to that of 8% cement-stabilized sand, and also provided a healing potential. The
biopolymer used in this study thus may provide a more sustainable alternative to traditional

stabilization methods while offering environmental and economic benefits.
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Recommendations for further research

The evaluation of the biopolymer stabilization for shear strength of soil was conducted
using three types of laboratory tests in this study (compaction, unconfined compression, and
direct shear). Additional laboratory studies are needed to further study the behavior of
polymer-amended soils to determine the optimum polymer content and stabilization process
for various types of soils and polymers. The beneficial effects of polymer aging should be
studied further by performing a more comprehensive set of tests at curing times of 28 days
and beyond. Rheological tests on the polymer itself should also be performed to characterize
its viscosity and shear strength as a function of the different polymer blends and polymer age.
Statistical modeling using equations or graphs should be developed to predict the effects of
various concentrations and types of polymer on soil strength. Additionally, computational
multi-physics modeling should be performed using a finite element analysis of the coupled
mechanical and chemical phenomena, to generate predictive models for a wider range of soil
types and proposed biopolymer types.

The reaction of soil and polymer can be observed through microscopic methodologies to
determine possible mechanisms of bonding for a given polymer and the resulting strength of
amended soil. The waterproofing abilities of various polymers should also be examined by
testing the static strength of dry and saturated polymer-amended samples. Then, cyclic
triaxial or cyclic simple shear tests with pore pressure measurement should be performed to
evaluate the potential of the bio-polymers for improving liquefaction resistance of sands and

silts.
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Additional applications and soil types could be examined, such as freeze/thaw behavior,
or stabilization of clays in terms of shear strength, reduction of consolidation settlements, and
improvement in shrink/swell behavior.

It is also recommended to conduct economic analyses to assess the performance of
biopolymers relative to traditional stabilization methods in terms of a cost/benefit ratio, and
sustainability analyses to examine the relative benefits of polymer stabilization traditional
stabilizers such as cement and fly-ash, in terms of the potential savings of finite natural
resources and reduction of greenhouse gasses.

Finally, the performance and field-implementation of biopolymer stabilization should be

investigated further by conducting field research studies.
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