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CHAPTER 1: INTRODUCTION
1.1 Background

Recycled and lightweight fill materials are increasingly used in construction due to their
ability to address challenging site conditions, accelerate project timelines, and reduce reliance on
natural resources, while contributing to sustainability goals. One such material gaining recognition
is foamed glass aggregate (FGA), produced from recycled glass. The manufacturing process
involves grinding the glass into powder, melting it at high temperatures (approximately 1600°F)
with a foaming agent (e.g., 2% by weight), and cooling it to form lightweight, angular particles
(Betti et al., 2014).

FGA is notable for its low dry unit weight (8-15 pounds per cubic foot, which is much
lower than that of conventional materials exceeding 100 pcf) and high friction angle (Arulrajah,
2015; Loux, 2019). It is typically free draining, with minimal fines and particle sizes ranging
between 0.5 and 2.5 inches. Closed-cell FGA is more commonly utilized in construction for its
structural advantages (Loux, 2019). The material has been employed in various states, such as
Arizona, Pennsylvania, and Virginia, for applications such as highway embankments, retaining
wall backfill, and bridge abutments (Betti et al., 2014). Its lightweight nature minimizes settlement
risks and reduces the need for extensive soil excavation, as demonstrated in projects like the
Nassau Expressway realignment, where FGA effectively mitigated flooding and settlement
concerns (Loux and Filshill, 2021a).

Despite its advantages, FGA presents several characteristics that require further
investigation. Excessive compaction during placement can crush the material, generating fines and
reducing its volume (McGuire et al., 2021). Achieving optimal compaction without excessively
crushing the material requires careful control of construction methods and equipment. Additionally,
the behavior of FGA under dynamic traffic warrants further investigation. Its low density raises
concerns regarding buoyancy during flooding and susceptibility to wind erosion. As an emerging
and unconventional material, a comprehensive engineering study of FGA is essential before its
widespread application to prevent unsatisfactory performance in specific use cases.

1.2 Objectives

The objective of the proposed project is to conduct a systematic study on the performance
of FGA, explicitly tailored to the conditions and requirements of its intended applications by
Illinois Tollway, such as highway embankments, retaining wall backfill, and bridge abutments.



1.3 Organization of Report

This report consists of five chapters. Chapter 1 introduces the background and objectives
of the research. Chapter 2 presents the findings of a literature review of related topics and the
current practices of highway agencies based on survey results. Chapter 3 describes the study
materials and the laboratory tests conducted to determine the performance of FGA in embankments.
Chapter 4 presents the test and analysis results. Chapter 5 provides conclusions, recommendations
for further study, and a draft special provision for the construction of FGA. Appendix A provides

a design guide for the use and application of FGA.



CHAPTER 2: LITERATURE REVIEW AND SURVEY RESULTS

To understand the state-of-the-art and state-of-the-practice regarding the use of foamed
glass for geotechnical applications, the research team reviewed the relevant literature and
synthesized the results herein. In addition, the team surveyed highway agencies to gather
information on their current practices.

2.1 Literature Review
2.1.1 Introduction

Glass stands out as an exceptionally recyclable material, offering the potential for
continuous reuse or recycling (Robert et al., 2021). Current estimates reveal that globally, only 21%
of the total annual glass production, approximately 27 million tons, is recycled (Recovery, 2018).
The substantial volume of accumulated waste glass worldwide presents a significant opportunity
for the recycling market. This situation highlights the importance of further research and
development to explore new applications for recycled glass (Mustafa et al., 2023a).

Lightweight fill materials are gaining attention as construction materials in civil
engineering applications. Among their advantages, such as thermal insulation, the primary aim of
using lightweight fill materials is to reduce the overall weight of fills, thereby addressing concerns
related to excessive settlements and vertical or lateral bearing failures (Horpibulsuk et al., 2014;
Arulrajah et al., 2015a). Foamed glass aggregate (FGA), a processed recycled glass product, is
utilized as a lightweight fill material in construction projects situated over soft ground or in
proximity to load-sensitive infrastructure. This application has been in practice for over 25 years
since its initial production in Europe (McGuire et al., 2021).

Several case studies from different states in the U.S. have demonstrated its broad
applications. FGA has been used (AERO Aggregates, 2019):

U Over soft soils in embankments or as structural backfill by the Departments of
Transportation (DOTS) in Maine, Minnesota, New Hampshire, New Jersey, New
York, Pennsylvania, and Virginia, as well as the Federal Highway Administration.

U Over-sensitive utilities (e.g., sewer lines, water mains, or culverts) by DOTS in the

District of Columbia, Michigan, New Jersey, Pennsylvania, and Rhode Island.



U Slope stability (e.g., instability issues or sloping 1:1 to eliminate the need for a
retaining wall) by DOTs of Minnesota and Pennsylvania, as well as the Federal
Highway Administration.

U Reduction of lateral pressure to adjacent structures (e.g., bridge abutments or
retaining walls) by the DOTSs of New Jersey and Pennsylvania.

U Ease of construction (e.g., during rain and snow, in flooded areas, or tidal zones)
by the DOTs of New Hampshire and Pennsylvania.

Even though FGA has been used in Europe and Japan for decades, there is a need for a
systematic study of FGA for geotechnical applications in the U.S. This literature review focuses
on the engineering properties of FGA as an embankment or structural backfill material. It is noted
that when compared to conventional soils, relatively limited information of FGA has been
published.

2.1.2 Foamed Glass Aggregate (FGA) Production

Foamed glass is produced industrially using a process that involves cleaning and crushing
glass particles, known as cullet. These particles are ground to a fine powder (typically finer than
0.0039 in.), as shown in Figure 1, and combined with a foaming agent in liquid (wet foaming
process), e.g., glycerin, or powder form (dry foaming process), e.g., silicon carbide. The resulting
powder is evenly spread onto a conveyor belt, which passes through a furnace where it is heated
to temperatures ranging from 1,454 to 1,832°F for melting (Guo et al., 2010; Steurer, 2012;
Auvinen et al., 2013; Arulrajah et al., 2015a).

The intense heat and activation of the foaming agent cause the glass volume to expand
several times. Notably, over 90% of foamed glass consists of air bubbles. Upon cooling, the
foamed glass fractures into pieces due to inherent thermal stress as it transitions from high
temperature to ambient temperature, resulting in a distribution of particle sizes known as foamed

glass aggregate, as shown in Figure 2 (Auvinen et al., 2013; Arulrajah et al., 2015a).



FIGURE 2. Foamed glass aggregate manufactured (Loux et al., 2019).

Numerous studies have explored the impact of various production parameters on the
characteristics of FGA. These parameters can be broadly categorized into three groups: the type
of glass utilized (Méar et al., 2006; @stergaard et al., 2019), the type of foaming agent employed
(Konig et al., 2019; QDstergaard et al., 2019), and the production temperature applied (Bernardo &
Albertini, 2006; Méar et al., 2007; Mucsi et al., 2013; Konig et al., 2020). For example, researchers
have investigated the impact of production temperature on FGA’s porosity, particle density,
crushing strength, and other properties. Bernardo et al. (2006) found that the heating rate correlates
directly with relative density, which is the ratio between the measured density of the foams and

the density of the employed glass.



While the predominant method for producing FGA in practical applications involves the
use of a dry foaming agent, there are instances where a wet foaming agent is employed (AERO
Aggregates - TN220, 2022). FGA particles can be either open-cell or closed-cell. The degree of
pore interconnection within FGA determines its structural classification as closed-cell or open-cell
(Konig et al., 2020). Closed-cell FGA, which has relatively few interconnected pore spaces,
comprises the majority of FGA currently used in civil engineering applications (AERO Aggregates
- TN220, 2022). Both closed- and open-cell FGA have high hydraulic permeability and are
considered free-draining materials.

2.1.3. Gradation of FGA

While the gradation of FGA may differ among production facilities, it consistently falls

under the classification of coarse granular material (Auvinen et al., 2013; McGuire et al., 2021,

Mustafa & Szendefy, 2023a), as illustrated in Figure 3. The nominal particle size of FGA can range
from 0.5 to 2.5 inches (Lenart & Kaynia, 2019; Loux et al., 2019; Mustafa et al., 2022). The
reported average coefficients of uniformity (Cu) and curvature (Cc) are 1.6 and 1.13, respectively
(Lenart & Kaynia, 2019; Mustafa & Szendefy, 2023a).
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FIGURE 3. Grain size distribution of FGA in Hungary (Mustafa & Szendefy, 2023).

2.1.4. Density, Moisture content, and Particle Breakdown of FGA
The density of FGA is heavily influenced by its production procedures. Mustafa et al. (2022)
noted a bulk unit weight of 10 Ib/ft® for FGA from a Hungarian producer, while Lenart et al. (2019)



reported a loose unit weight of 15 Ib/ft® for Norwegian FGA. McGuire et al. (2021) reported a
loose unit weight ranging from 12 to 15 Ib/ft® for FGA in the U.S.
Auvinen et al. (2013) provided additional density measurements, including dry bulk
density, dry compacted density, and long-term density in a road structure, compiled in Table 1.
TABLE 1. Properties of Foamed Glass (Auvinen et al., 2013) (Note: 1 kg/m? = 0.0624 Ib/ft®
and 1 mm =0.039 in.).

Properties Variations recorded in Measurement values
technical literature
Granular size 10-50/10-60 mm 10-60 mm
Dry bulk density 180~230 kg/m® 210 kg/m® + 15%
Dry compacted density 225~290 kg/m® 220~280 kg/m?®
Long-term in a road structure 270~530 kg/m® 350 kg/m?®
density
Long-term underwater density - 600 kg/m?®
Water absorption short-term 30~60 weight-% 60 weight-%
(4 weeks)
Water absorption long-term (1 40~116 weight-% 100 weight-%
year)

Regarding compacted unit weight, Betti et al. (2014) utilized a gyratory compactor to
compact FGA, resulting in a density range of 25 to 29 Ib/ft. McGuire et al. (2021) reported that
the compacted field unit weight of FGA ranged from 13 to 19 Ib/ft3, depending on the levels of
compaction efforts and compaction methods. Various compacted unit weight of FGA at different
volume reduction (or compression ratios: uncompacted height over compacted height) are detailed
in Table 2 (AERO Aggregate — TN 303, 2018). Moist compacted unit weight was achieved by

adding 6% moisture content by volume.



TABLE 2. Compacted and Uncompacted Unit Weight of FGA in the Field (AERO
Aggregate — TN 303, 2018).

Compression ratio Dry unit weight (pcf) Moist unit weight (pcf)
1.0 (uncompacted) 15.00 18.74

1.1 16.50 20.62

1.2 18.00 22.49

1.25 18.75 23.43

1.3 19.50 24.37

Typically, conventional aggregates experience a maximum fines content increase of 1%
after compaction (Ramamurthy et al., 1974). However, FGA particles, owing to their high porosity,
are more prone to breakdown during compaction, depending on the compaction methods and
efforts. This issue is crucial, as changes in gradation can significantly impact the behavior of the
constructed layer under diverse loading and environmental conditions. Researchers have, therefore,
investigated the particle size distribution of FGA before and after various compaction methods.
Mustafa et al. (2023c) examined the grain size distribution of FGA under different static
compression compaction levels. As illustrated in Figure 4, when the volume reductions increase
from 10%, 20%, and 30% to 40% based on static compaction, the gradations become finer
(Mustafa et al., 2023c). To demonstrate the impact of different compaction methods, an early study
by Swan et al. (2016) compacted FGA using Standard and Modified Proctor methods. Figure 5
indicates that higher compaction (solid red line) results in significantly more particle breakdown
than standard energy (blue lines). FGA, after compaction using either standard or modified Proctor
protocols, exhibits a distribution curve akin to well-graded material rather than poorly graded
material (Swan et al., 2016).
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2.1.5. Mechanical Properties

creep.

Researchers have investigated the mechanical properties of FGA, including the California

bearing ratio (CBR), resilient modulus (M), friction angle ('), cohesion (c'), and long-term




2.1.5.1. Friction Angle (# ) and Cohesion (3 )

Illinois DOT’s specification for the effective internal friction angle of mechanically
stabilized earth (MSE) wall select fill is a minimum of 34°, based on AASHTO T236 (direct shear
test method) (IDOT, 2022). Arulrajah et al. (2015b) noted that, based on a linear strength envelope,
the internal friction angle and pseudo-cohesion of FGA in direct shear tests were approximately
54.2° and 3.29 psi, respectively, with normal stresses ranging from 1.45 psi to 5.8 psi. Swan et al.
(2016) tested FGA'’s friction angle using direct shear tests, comparing as-received gradation with
modified gradation after compaction, and observed a decrease in the friction angle with an increase
in the range of normal stresses applied (see Table 3). This phenomenon can be attributed to the

breakdown of FGA during shearing at high normal stress levels (Swan et al., 2016).

TABLE 3. Friction Angle and Pseudo-Cohesion of FGA under Various Normal Stress
Ranges (Swan et al., 2016) (note: 1 kPa = 0.145 psi).

Tested material

Range of normal
stress (kPa)

Peak friction angle ()

Peak cohesion (kPa)

As-received LWA-FG 14.4t0 57.5 56 2.1
As-received LWA-FG 35.9t0 144 29 45.8
As-received LWA-FG 144 to 426 27 46.0

Modified LWA-FG 144 to 426 31 51.5

Loux and Filshill (2021b) reported that the friction angle of FGA samples ranged from 41
to 55 degrees. In a comparative study assessing FGA against traditional embankment or backfill
material, Nicks et al. (2024) examined two FGAs (FGA 1—wet foaming and FGA 2—dry foaming)
and compared them to AASHTO No. 8 open-graded aggregate (diabase). Both FGAs and No. 8
aggregate underwent testing in dry and saturated conditions to simulate field scenarios under
various environments. As detailed in Table 4, the conventional aggregate exhibited the highest
friction angle from direct shear tests; however, the FGAs, which were compacted to an 11%
volume reduction, also displayed high friction angle values (Nicks et al., 2024). The residual
friction angle of FGA was markedly higher than that of No. 8 aggregate.
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TABLE 4. Comparison of Friction Angle of FGAs and AASHTO No. 8 (Nicks et al., 2024).

FGA-1 FGA-2 No. 8
TeSt H o o o o o o
. Duration | ® 0" | ® 0%’ | ® o’ | ® o | =, % | ® %’ | ® o |, % | o’
condition
5 LD 37.7 56.4 54.8 42.8 60.9 56.7 56.2 61.1 48.4
r
Y SD 38.5 58.5 58.0 45.7 60.2 58.0 57.7 61.4 46.3
LD 28.6 55.4 54.7 48.8 59.4 59.2 57.2 64.4 49.9
Saturated
SD 37.0 56.3 56.2 45.8 60.5 56.6 54.1 61.6 48.7

Note: LD = Long duration (28-day); SD = Short duration (about 10 minute); = o,= Secant friction angle

at 2% lateral strain; = o= Peak secant friction angle; = o,= Residual friction angle.
2.1.5.2. California Bearing Ratio (CBR), and Modulus (' ,)

The California Bearing Ratio (CBR), which represents the ratio of a material's penetration
resistance to that of standard crushed stone, serves as an indicator of strength and bearing capacity
under loading (Thakur & Han, 2015). Arulrajah et al. (2015b) reported CBR values for FGA
samples ranging from 9% to 12%. However, the CBR is significantly influenced by the compaction
level of the samples. Betti et al. (2014) demonstrated the impact of compaction efforts on the CBR
of two FGA samples (FGA 1—wet foaming and FGA 2—dry foaming) in Figures 6 and 7,
respectively. Table 5 outlines the expected CBR values for conventional embankment soils
(Christopher et al., 2006) for comparison purposes. FGA has a CBR similar to sandy materials
rather than fine-grained soils (Christopher et al., 2006).

MISAPOR 1
0.70 60
<&
060 ¢ 50
N 4
E050 ® 40 &
=040 &
%030 O o ki
[
nD.Z[] () O 20
0.10 10
0.00 - ]
0 50 100 150 200
Rotation
@ Dry density OCBR

FIGURE 6. CBR vs degree of compaction (number of rotations of gyratory compactor) for
FGAL (Betti et al., 2014).
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FIGURE 7. CBR vs degree of compaction (number of rotations of gyratory compactor) for
FGAZ2 (Betti et al., 2014).

TABLE 5. California Bearing Ratios (CBRs) of Embankment Soils (Christopher et al.,

2006).
USCS soil classification Field CBR
Silty Sand (SM) 20-40
Clayey Sand (SC) 10-20
Low plastic silt (ML) 5-15
Low plastic clay (CL) 5-15
High plastic silt (MH) 4-8
High plastic Clay (CH) 3-5

However, the utilization of CBR test outcomes for assessing conventional fill materials
was found to be limited, as it inadequately reflects field performance due to large strain (Camargo
et al., 2013). To better simulate the actual performance of FGA, researchers recommended
measuring various moduli, such as resilient modulus, shear modulus, and stiffness modulus.

The resilient modulus, a measure of a sample's stiffness under repeated loads in triaxial
tests, can more accurately simulate traffic load conditions in the field (Barzegar et al., 2023).
Auvinen et al. (2013) reported that the resilient modulus of FGA ranges between 10 ksi and 21 ksi.
In a study by Mustafa et al. (2023a), the findings of Auvinen et al. (2013) were corroborated. For

comparison, conventional crushed aggregates have resilient moduli ranging from 16.0 to 25.6 ksi
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(Guthrie & Jackson, 2015), while fine-grained soils can have a resilient modulus of approximately
10 ksi (Lee et al., 2002).

The shear modulus is the ratio between shear stress and shear strain. Lenart et al. (2019)
employed a cyclic triaxial setup to confine FGA samples using confining pressure and measure
the shear modulus (Lenart & Kaynia, 2019). The shear modulus of FGA ranges from 4.2 ksi to
23.7 ksi (29 MPa to 163 MPa), depending on the shear strain level. When compared to
conventional soils, as shown in Table 6 (Sawangsuriya, 2012), the shear moduli of FGA are close
to those of conventional sandy materials.

TABLE 6. Typical Ranges of Shear Modulus for Different Types of Soils (Sawangsuriya,
2012) (1MPa = 0.145 ksi).

Soil type Shear modulus (MPa)
Dense sands & gravels 69-345
Silty sand 27.6-138
Medium stiff clay 6.9-34.5
Soft clays 2.75-13.75

The elastic modulus, also known as stiffness modulus, is a parameter used to examine the
behavior of materials within the elastic region of deformations. Betti et al. (2014) used a
lightweight deflectometer (LWD) to obtain the stiffness modulus in the field. Based on Equation
1, the elastic modulus (E) varies in the range of 7 ksi to 10 ksi, depending on the applied stress
(Betti et al., 2014).

where:

f = plate rigidity factor;

a = load plate radius;

,» = maximum value of the applied stress;

do = maximum value of the measured deflection.

13



Based on a large-scale uniaxial compression test in a test box, Steurer (2012) studied the
stiffness modulus of FGA under different compaction levels and applied stresses. Figure 8
illustrates the effects of static compaction and pressure levels on the stiffness modulus. As
expected, when the compaction level increases, the stiffness modulus also increases. Additionally,
the stiffness modulus increases as normal stress increases (likely due to further consolidation) but

then decreases as normal stress increases further.
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FIGURE 8. Stiffness modulus of FGA statically compacted to different levels under various
applied stresses (Steurer, 2012).

2.1.5.3. Climatic Effects and Hydraulic Properties

Temperature, moisture, and freeze-thaw cycles are the three primary climatic factors
influencing the engineering characteristics of fill materials. The thermal conductivity of foamed
glass can vary widely, ranging from 16.4 mWm=K™ up to 215 mWmK (Skogstad et al., 2005;
Méar et al., 2007; Konig et al., 2019; Mustafa et al., 2023b). For comparison, the average thermal
conductivity of many soil minerals is 2.9x10° mWm?K™ and while for soil organic matter, it is
0.25x108 mWm?K? (Hanson et al., 1999). Researchers have extensively investigated the
parameters influencing the thermal conductivity of foamed glass (Skogstad et al., 2005; @stergaard
etal., 2019; Konig etal., 2019; Mustafa et al., 2023b). For instance, @stergaard et al. (2019) studied
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the impact of foaming agent-generated gas composition on FGA properties. Additionally, humidity
conditions, temperatures, and compaction ratios were also studied as influential parameters on
FGA’s thermal properties (Mustafa et al., 2023b).

Due to its extremely low thermal conductivity, Scarinci et al. (2005) proposed FGA as a
material resistant to freeze-thaw cycles. In a study by Skogstad et al. (2005), the freeze-thaw
resistivity of FGA was tested by immersing the material in water for 28 days and subjecting the
FGA particles to 300 freeze-thaw cycles. Each cycle involved one hour of exposure to cold air (-
4°F) followed by one hour in room-temperature water (68°F). The FGA exhibited no deterioration,
and the freeze-thaw cycles had no impact on the compressive strength of FGA.

Another test for measuring the resistance of aggregates to freeze-thaw cycles is the
soundness test. AASHTO requires the magnesium sulfate soundness of aggregate used in MSE
wall backfill to be no more than 30%, whereas FGA has a soundness value ranging from 4.1% to
14% (Loux and Filshill, 2021b). Illinois DOT’s specification for Na SO soundness is a maximum
of 15% (IDOT, 2022). The hydraulic conductivity, or permeability, of compacted FGA is high (k >
1 cm/s), which constitutes a free-draining material (Loux et al., 2019). For comparison, the average
saturated hydraulic conductivities for seven gravels and nine sandy soils were 0.324 cm/s and
0.014 cm/s, respectively (Oh et al., 2022).
2.1.5.4. Creep and Permanent Deformation
2.1.5.4.1. Introduction to Soil Settlement

Soil settlement occurs in three distinct stages: (1) immediate or elastic settlement, (2)
primary consolidation, and (3) secondary compression or creep (Bergaya et al., 2013). Elastic
settlement occurs during or immediately after construction (Kong, 2016). Primary consolidation
settlement results from the dissipation of excess pore pressure and the subsequent volume change
in the soil (Zou et al., 2016). Secondary compression, also known as one-dimensional creep,
involves ongoing volume changes due to micro shear strain and has the potential for long-term
continuation. Creep can originate from deviatoric or shear stress and involves the accumulation of
time-dependent macro shear strain under sustained shear stress, regulated by the viscosity of the
soil structure (Mitchell & Soga, 2005). As depicted in Figure 9, creep settlement becomes

prominent when soil is subjected to high or prolonged stresses.
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FIGURE 9. Creep modes under constant deviatoric stress (Mitchell & Soga, 2005).

2.1.5.4.2. Creep Characteristics of FGA

Steurer et al. (2012) studied the creep characteristics of FGA samples with diverse grain
properties under varying confining pressures. The creep behavior of FGA over time is notably
influenced by factors such as confining pressure, compaction level, and grain porosity. In Figure
10, FGA’s creep strain increment between stress intervals (not accumulated creep) increased as
applied stresses increased, reached a peak, and then decreased. This phenomenon might occur
because FGA undergoes further compaction during the initial stress steps, making it stiffer. As

expected, higher compaction levels result in lower creep strain increments.
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FIGURE 10. Incremental creep strain of FGA with various densities under long-term
confined compression test (Steurer, 2012).

Swan et al. (2016) examined the impact of loading duration on the static compression
behavior of FGA. The long-term creep performance of FGA was assessed over 7 days at a
pressure of 3.48 psi. The creep test indicated that after 100 hours (6,000 minutes) of loading, the
creep strain remained stable at the beginning, followed by an accelerated rate of 6.56x10 per
minute (see Figure 11) (Swan et al., 2016).
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FIGURE 11. Vertical strain vs time for 7 days under 3.5 psi (24 kPa) (Swan et al., 2016).
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According to research by Mustafa et al. (2023c) and Nicks et al. (2024), the creep of FGA
stabilizes after the initial settlement. However, this finding might vary depending on the specific
type of FGA and the compaction method under consideration. The study by Mustafa et al. (2023c)
indicated that as volume reduction increases (i.e., 40% volume reduction), Figure 12 shows that
FGA can sustain a higher static load without tertiary creep, as defined in Figure 9. In the study by
Nicks et al. (2024), two types of FGA exhibited significantly different behaviors. Figure 13
illustrates the long-term performance of two FGA types and a conventional aggregate. In contrast
to the similar behavior between FGA-2 (dry foaming) and AASHTO No. 8 (diabase), FGA-1 (wet
foaming) exhibited significantly greater creep and took longer to reach settlement stability.
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FIGURE 12. Accumulated strain for various compaction ratios and deviatoric stresses for
FGA in cyclic loading tests (Mustafa et al., 2023c).
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FIGURE 13. Change in vertical strain of FGA-1, FGA-2 and conventional aggregates in a
period of 28 days under 82.7 kPa of pressure (Nicks et al., 2024). (Arrows and Annotations
added)

2.1.5.5. Other Properties of FGA

An issue associated with the utilization of FGA in MSE walls incorporating steel and
geosynthetic reinforcements is the potential susceptibility of steel to corrosion or geosynthetics to
degradation. AASHTO and Illinois DOT mandate that the geomaterials used in MSE walls must
exhibit a pH within the range of 5.0-10.0 for steel reinforcement and 4.5-9 for geosynthetic
reinforcement (AASHTO, 2017; IDOT, 2022). Loux and Filshill (2021b) reported a pH range for
FGA of 9.2-9.4, based on modified AASHTO test methods. However, research conducted by
Arulrajah et al. (2015a) yielded a pH value for FGA of 10.48, following Australian Standard
1289.4.3.1.

In addition to pH considerations, AASHTO and Illinois DOT require geomaterials to meet
specific criteria concerning electrical resistivity, chloride content, and sulfate content. A summary
of the reported value for FGA is provided in Table 7. Note that the test methods used to determine

the reported values were different from the methods specified by Illinois DOT.
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TABLE 7. Summary of Electrochemical Requirements for MSE Wall (Loux and Filshill,

2021b).
Parameters FGA Reported Values
pH 9.2-9.4
1 >3,366,000 .m (As received)
Resistivity 1 52,020 q.m (Initial — 100% Saturated)
9 18,666 q.m (24-hr Soak — 100% Saturated)
1 13,158 q.m (48-hr Soak — 100% Saturated)
Chlorides <10-19 ppm
Sulfates <10-11 ppm

2.1.6. Placement and Compaction in the Field

In contrast to conventional sources of embankment or structural fill, the placement of FGA
in the field requires careful consideration. This emphasis on FGA placement stems from its
vulnerability to breakdown during the compaction process. Frydenlund et al. (2007) provided
recommendations for FGA compaction based on their study of several cases in Norwegian public
roads. One of their suggestions was to place FGA layers at a thickness of 19.7 in (0.5 m) and
compact them with 3—4 passes using a 30-ton crawler excavator (Frydenlund & Aabge, 2007).
Loux and Filshill (2021b) reported that suitable equipment for compacting FGA should exert a
pressure of 4.35-7.25 psi and complete compaction in four passes, discouraging the use of static
or vibratory rollers unless higher compaction levels are necessary (Loux and Filshill, 2021b).
McGuire et al. (2021) conducted a comprehensive study to assess the performance of various
compaction equipment in different scenarios. Table 8 outlines the equipment, and the thicknesses
of FGA lifts used in their study. A LiDAR scanner was employed to determine the volume of FGA
before compaction, during different passes, and post-compaction, as shown in Figure 14 (McGuire
etal., 2021).
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TABLE 8. The Number and the Thicknesses of the Lifts and the Passes Scanned (McGuire

etal., 2021).
Test Compactor Lift Thickness, ft (mm) Passes scanned
A-1 John Deere dozer 1 2 (610) 1,24
1 2 (610) 1,24
A-2 John Deere dozer
2 1,2,4,8,16
1 124
B-1 Doosan excavator 2 2 (610) 1,24
3 1,2,4,8,16
1 124
Komatsu
C-1 2 2 (610) 1,24
excavator
3 1,2,4,8,16
coo Komatsu 1 1 (305) 1,2,4,8,16
excavator 2 3 (915) 1,2,4,8,16
1 1 (305) 1,24
D-1 Wacker plate 2 1 (305) 1,24
3 2 (610) 1,2,4,8,16
1 124
D-2 Wacker plate 1 (305)
2 1,2,4,8
E-1 Bomag roller 1 2 (610) 12,48
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FIGURE 14. Volume reduction vs. number of passes of various equipment (McGuire et al.,
2021).
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McGuire et al. (2021) determined that, after leveling a loose lift of FGA with a rake, four
passes of tracked equipment on a two-foot lift or four passes of a vibratory compactor on a one-
foot lift would, on average, reduce the fill volume by 9.15% and 13.25%, respectively. Qamhia et
al. (2023) corroborated the findings of McGuire et al. (2021) and recommended the use of a dozer
or tracked excavator capable of applying a pressure of 600 to 1000 psf. They suggested limiting
the lift thickness to a maximum of 24 inches and applying compaction in two to four passes
(Qamhia et al., 2023).

2.2 Survey of State Highway Agencies

To understand state agencies' practices regarding the use of FGA, the research team
distributed a questionnaire to highway agency members affiliated with the AASHTO Committee
on Materials and Pavements. Responses from 15 state Departments of Transportation (DOTSs) were
recorded, which is as expected for such a niche material in the U.S. Based on these responses, the
research team contacted several state DOTSs for interviews. Engineers from three DOTs (NY, PA,
and VVT) agreed to further discussions via virtual meetings. The following section summarizes the
survey responses, special provisions provided by the agencies, and interview results. Given the

commonality of initial letters among several DOTS, state abbreviations are used for clarity.

2.2.1 Use of FGA as Fill by State Agencies

According to the responses, nine DOTs (AR, CT, FL, HI, ME, NY, PA, TX, and VVT) allow
using FGA for geotechnical applications through their special provisions, while the other six states
do not. Note that it is possible that some agencies that have used FGA did not respond to this
survey.
2.2.2 Applications of FGA

FGA has been used or is going to be used by agencies for highway embankment (AR, CT,
HI, ME, NY, PA, and VT), MSE wall select fill (FL, PA, and VVT), bridge abutment backfill (ME,
NY, PA), other retaining wall backfills (NY and PA), and trench backfill (NY). In terms of site
conditions that warrant the use of FGA, FGA has been placed over soft soils (CT, HI, ME, NY,
PA, and VT); over sensitive underground structures (AR and PA); and when expedited
construction is needed (CT, ME, and PA). PA DOT does not permit the use of FGA for bedding
and does not recommend the use of FGA for trench backfill.
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2.2.3 Appealing Characteristics of FGA
Survey responses highlight several appealing features of FGA, starting from the most

preferred characteristic:

1 Lightweight nature

1 High friction angle

1 Recycled material composition

1 High permeability

1 High insulating properties

In addition, easy placement was also considered another benefit of FGA by DOTs (AR,

FL, and IN). Ease of construction was not ranked because only three agencies selected it. Table 9

shows a summary of the rankings provided by the agencies.
TABLE 9. Summary of Ranking of FGA Characteristics (Note: The lower number

indicates more appealing characteristics).

High
States Lightweight High Recycled High Thergmal Fase of
Friction Materials Permeability ) Construction
Insulation
AR 1 2 3 5 4 X
CT 1 3 2
FL 1 3 2 4 5 X
HI X X
IN 2 3 1
ME 1 2 4 3 5
NY 1 3 2
PA 1 2 4 3 5
VT 1 3 2 4 5
Average 1 2.5 2.75 3.5 4.5

Note: “x” indicates that agencies marked it without providing rankings.

2.2.4 Consideration of Moisture Content of the FGA for the Geotechnical Design

One of the critical properties for settlement and other geotechnical analyses is the unit

weight of FGA. Seven states assume FGA to be at its natural moisture condition, but the DOTs of

AR and CT consider FGA to be at its saturated surface dry (SSD) state for design purposes. PA
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DOT uses a constant unit weight of 23.5 pcf for design, which accounts for natural moisture and

compaction.

2.2.5 Specifications on Engineering Properties of FGA

Most agencies specify unit weight, gradation, and friction angle for FGA. Currently, NY
DOT only specifies a loose, moist unit weight of no more than 20 pcf for FGA in embankments.
FL DOT specifies a maximum loose moist bulk unit weight of 22 pcf, minimum compressive
strengths, and a minimum apparent peak friction angle of 53¢ for normal stresses between 500 and
1,200 psf. For embankment and MSE wall backfill, the DOTs of PA and VT also limit the dry unit
weight and in-place compacted dry unit weight to 15 pcf and 20 pcf maximum, respectively. PA
DOT specifies a maximum 1,200 psf bearing pressure on FGA in embankments before creep
considerations are addressed through settlement analysis, and pullout testing is required to confirm
strap pullout for MSE wall internal stability. Table 10 provides a summary of engineering
properties specified by agencies.
2.2.6 Consideration of Buoyancy for FGA

Due to the lightweight nature of FGA, it is buoyant in water, which can affect the design.
The DOTs of AR and PA control the water surface below the design elevation of FGA. The DOTs
of CT, IN, ME, NY, PA, and VT require the minimum use of ballast material, typically natural
soil placed on top of FGA.
2.2.7 Compaction in the Field

The compaction of FGA in the field may vary depending on the location and the type of
structure near the construction site. In general, notes on compaction in the field can be summarized
in the following sections:

(a) Open space

All states mandate that the maximum lift thickness of the FGA layer be two feet. Only

a tracked excavator or dozer capable of applying a ground pressure of 625-1025 psf is

allowed. Compaction may be achieved in four passes, covering 100% of the cross-sectional

area.

(b) Confined space or near sensitive structures

For both confined spaces and areas near sensitive structures, all states except VT DOT
limit the compaction layer height to one foot. VT DOT has specified two feet for confined

spaces and one foot for areas near sensitive structures.
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Compaction shall be performed using a plate compactor weighing 110-220 Ibs or a

small vibrating plate with a maximum weight of 250 Ibs.

TABLE 10. Summary of Engineering Properties of FGA Specified by Agencies.

) ) Compressive ) Friction
Locations Density Gradation pH Others
strength angle
IN: Degradation during
compaction and
IN, ME, environmental fire resistance;
Embankment PA IN, ME ME, PA, )

NY, PA PA: Maximum 1250 psf
weight before creep is to be
addressed.

FL, IN, IN: Degradation during

PA compaction, permeability, and
MSE wall o FL, IN, ) ) )
) (Minimu FL, PA FL, IN FL | environmental fire resistance;
select fill ) PA )
m unit PA: Pullout testing.
weight)
IN: Degradation during
Other ) N
. IN, PA PA IN IN, PA compaction, permeability, and
retaining wall ) ) )
environmental fire resistance.
Bridge IN: Degradation during
IN, ME, ] o
abutment ME, PA PA IN, ME oA compaction, permeability, and
backfill environmental fire resistance.
IN: Degradation during
) ) compaction and
Pipe bedding IN IN ) ) )
environmental fire resistance;
PA: Not permitted.
IN: Degradation during
Trench compaction and
) IN IN ) ) )
backfill environmental fire resistance;

PA: Not recommended.
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(c) Degree of compaction control
DOTs of AR, FL, ME, and PA rely on the number of passes made on each lift. In
addition, DOTSs of AR and ME require the presence of a DOT representative to verify the
quality of compaction. VT DOT is considering the use of LIDAR to measure the percentage
of compaction of the original lift thickness. NY DOT is currently experimenting with the
use of a lightweight deflectometer (LWD). Although VA DOT did not respond to this
survey, its special provision on FGA requires a 20% volume reduction for compaction.
However, VA DOT does not specify the method for measuring volume reduction.
2.2.8 FGA Breakdown During the Compaction
DOTs of AR, FL, and PA reported FGA breakdown during construction. To mitigate
potential particle breakdown, FL DOT does not allow construction vehicles to traverse FGA unless
it is specifically for compaction. PA and NY DOT engineers observed that FGA can be dusty

during placement.

2.2.9 Covering the Constructed FGA Layer

The lightweight nature of FGA may make it susceptible to erosion due to high wind speeds
or precipitation. AR and NY DOTs are concerned that if left uncovered, buoyancy could be a
concern for FGA. FL DOT does not require FGA to be covered. DOTs of AR, CT, ME, NY, PA,
and VT cover FGA after construction, and geotextile is used between the capping layer and FGA
to prevent the migration of fines into or out of FGA. ME DOT uses geotextile and riprap to cover
FGA and prevent lateral movement. CT DOT’s special provision specifies that conventional soil
available on-site be used. PA DOT requires a minimum of 6 inches of capping materials, which

may include conventional embankment materials, conventional subbase materials, topsoil, or rock.

In summary, FGA has attracted significant attention due to its unique characteristics. It has
been applied in Europe and Japan for more than 20 years. However, its long-term field
performance in the U.S. has yet to be fully documented, especially in comparison with
conventional soils. FGA has been employed by U.S. agencies for geotechnical applications, mostly
within the past six years. Therefore, laboratory experiments would provide valuable insights into
the expected performance of FGA under Illinois Tollway’s traffic and climatic conditions before

its widespread use.
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CHAPTER 3: MATERIALS AND TESTING

To study the performance of FGA in embankments, the research team conducted laboratory
tests on two sources of FGA, one from the dry-foaming process (FGAL) and the other from the
wet-foaming process (FGA2), and compared the results to conventional embankment soils and
conventional mechanically stabilized earth (MSE) wall select fill material, used in Illinois Tollway
projects. As no performance issue has been reported when these conventional embankment soils
and MSE wall select fill materials were used, these conventional materials are considered the
benchmark for comparative purposes.

3.1 Characterization of FGA and Benchmark Materials
3.1.1 Sampling

The project team procured FGA from two distinct sources. The first source, designated as
FGAL, was produced using a dry foaming process. The second source, designated as FGA2, was
manufactured using a wet foaming method. Figure 15 shows the as-received FGA1 and FGA2.

In addition to FGA materials, the research team utilized an embankment soil, designated
as EMBL, sourced from a previous Illinois Tollway project (Wen et al., 2022). EMBL1 is a
conventional glacial till embankment soil commonly used in Illinois Tollway projects.
Furthermore, sand—a standard mechanically stabilized earth (MSE) wall select fill material
frequently employed in Tollway projects—was supplied by the Illinois Tollway’s supporting

consultant. Figure 16 illustrates the EMB1 soil and sand used in this study.

(a)
FIGURE 15. As-received FGA: (a) FGAL, (b) FGA2
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(@) | (b)
FIGURE 16. As-received soils: (a) EMBL1, (b) Sand

3.1.2 Gradations and Soil Characteristics

Upon the arrival of FGAs, three samples from each source were collected and tested to
determine the as-received gradations of FGAl and FGAZ2, respectively, in accordance with
AASHTO T11 and T27. Sand gradation was established following the same guidelines as FGAs.
EMB1 gradation was determined in accordance with AASHTO T27 and T88. Figure 17 compares
the gradation of as-received gradation of FGAL, FGA2, sand, and EMBL1. It showed that FGA1 is
slightly finer than FGA2. Both FGAs demonstrate steep gradation curves, reflecting their open-
graded nature with minimal fine content in smaller sieve ranges. EMB1 was characterized based
on AASHTO T89 and T90 and classified as AASHTO A-6. Table 11 presents the plastic limit,
liquid limit, and plasticity index values of EMB1 (Wen et al. 2022).
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FIGURE 17. As-received gradations of materials in this study

TABLE 11. Characteristics of EMB1

Plastic Limit (%) 23
Liquid Limit (%) 36
Plasticity Index 13

3.1.3 Moisture-Density Relationship

Standard Proctor compaction tests were conducted on sand and EMB1 to determine their
Optimum Moisture Content (OMC) and Maximum Dry Density (MDD), in accordance with
AASHTO T 99 Method C, as specified by the Illinois DOT’s Standard Specifications. Figure 18
illustrates the relationship between water content and dry density for these two materials.
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FIGURE 18. Dry density of sand and EMB1

3.1.4 Volumetric Properties of FGA

The dry loose unit weight of FGA1 and FGA2 was determined in dry conditions following
ASTM C29. FGAL showed higher dry unit weight (12.6 pcf) than FGA2 (10 pcf). The bulk specific
gravity (Gsp) of FGA1 and FGA2 in oven-dry conditions was determined to be 0.35 and 0.31,
respectively, in accordance with AASHTO T 85.

To determine the short-term and long-term water absorption of FGA1 and FGA2, both
materials were submerged in water at room temperature for 4 days in accordance with ASTM
C127, and for 4 weeks according to EN 12087. As shown in Figure 19, FGA1 exhibited absorption
values of 8.5% after 4 days and 23.8% after 4 weeks. In comparison, FGA2 exhibited absorption
values of 5.4% after 4 days and 16.2% after 4 weeks. The difference between short-term and long-
term absorption indicated that both FGAs had a high absorption capacity but absorbed water

slowly.
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FIGURE 19. Water Absorption Rates of FGA1 and FGA2

3.1.5 Electrochemical Properties of FGA

Electrochemical characteristics of FGA are important properties for MSE backfill in terms
of long-term durability of soil reinforcement and were studied in this project. Flood Testing
Laboratory Inc. in Chicago, IL, was retained by this project team to measure the electrochemical
properties of FGA1 and FGAZ2 following Illinois Modified AASHTO test methods. To be precise,
they were tested for resistivity (lllinois Modified AASHTO T288), chloride level (AASHTO
T291), sulfate soundness (lllinois Modified AASHTO T290), organic content (AASHTO T267)
and pH (AASHTO T 289). FGAL1 and FGA2 particles were crushed to pass the #10 sieve (2 mm)
particles, and the ratio of the particles to water by mass was 1:1 for pH testing for AASHTO T288
and T2809.
3.1.6 Axial Compression Compaction of FGA

To assess the compressibility of FGAL and FGA2, confined compressive strength tests
were performed on three samples of dry FGA in accordance with EN 1097-11:2013, a standard

test for lightweight fill materials in Europe. The process begins with sampling, where granular
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material meeting the required gradation is selected. The sample is prepared by filling a cylindrical
mold with the aggregate in a loose condition. As shown in Figure 20, a closed-loop servo-hydraulic
test machine, called a GCTS system, was used to apply axial compressive pressure through a piston
covering the top surface of the material at a uniform rate of 13.5 Ibs per second, to achieve 10%,
20%, and 30% height reductions in a 10-in diameter by 10-in-tall mold.
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FIGURE 20. Axial compression compaction by closed-loop servo-hydraulic test machine

The confined axial compressive strengths at a given height reduction were calculated by
Equation 2 as follows.
0
77 6 c

where:

F = Applied force

A = Cross-sectional area of the mold
3.2. Aerodynamic Test of FGA

To assess the wind erodibility of FGA when it is daylighted after placement in the field,
FGA1 was subjected to an aerodynamic test. The test was conducted using a custom-built device
previously developed at WSU. As illustrated in Figure 21, the apparatus consists of a sealed
wooden box with an opening on one side. Inside the box, FGA samples were placed for testing. A

32



blower is installed to generate controlled airflow directed at the FGA, simulating wind conditions.
A digital anemometer is used to measure wind speed near the aggregates to determine the threshold
wind speed that initiated erosion. The wooden box included a transparent section to allow

observation and monitoring during testing.

FIGURE 21. Aerodynamic test setup

3.3. Laboratory Compaction Methods

Based on the literature review, different methods of laboratory compaction to mimic field
compaction were experimented with to determine an appropriate laboratory sample preparation
method. These methods included Standard Proctor (AASHTO T 99), Modified Proctor (AASHTO
T 180), gyratory compaction (AASHTO T 312), compression compaction (EN 1097-11), vibratory
hammer (ASTM D7382), vibratory table compaction (ASTM D4253), and Washington DOT’s
(WSDOQOT) Test Method 15 (Laboratory Theoretical Maximum Dry Density of Granular Soil and
Soil/Aggregate) which includes vertical compression pressure and horizontal tapping.

As illustrated in Figures 22 and 23, the Modified and Standard Proctor tests involved
compacting the FGA sample in a 6-in-diameter mold, using either a rubber plate or a steel plate
placed on top to avoid excessive crushing of FGA particles by the hammer. For each test, the
sample height was measured after every 10 blows to monitor volume reduction trends. The final
change in volume was calculated after the total number of blows, and the sample's dry density was

determined by dividing the sample's mass by its final volume.
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FIGURE 22. Modified Proctor (a) during compaction (b) after compaction

(a) (b)
FIGURE 23. Standard Proctor (a) before compaction (b) after compaction

In the gyratory compaction test, the sample was compacted with and without a rubber disc

placed on top of FGA, respectively, and measurements of height were recorded after each gyration
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to determine the density. During the compaction, the sample was subjected to 10 gyrations. Figure

24 depicts the device and FGA1 after the gyratory compaction.

7 Z

(b)
FIGURE 24. Gyratory compaction (a) before compaction (b) after compaction

The WSDOT TM-15 compaction method, which is designed for the determination of the
moisture and density relationship of granular materials, involves using a 10-inch diameter mold
and applying horizontal tapping simultaneously, as shown in Figure 25. Compaction was achieved
by gradually applying a 2,000-pound force within two minutes per lift. However, this method and
its customized device are specific to the northwest states and not readily available for widespread

use.

(b)
FIGURE 25. WSDOT compaction (a) before test (b) after test
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Vibratory table compaction (Figure 26) was also performed in accordance with ASTM
D4253. However, for large particles such as FGA, a large diameter (e.g., 10-in) mold was used. A
surcharge load of 157 Ibs was required, which is cumbersome to handle, making this method

unsuitable for routine use.

FIGURE 26. Vibratory table compaction
Vibrating hammer compaction was also conducted in accordance with ASTM D7382. A
steel plate was placed on top of the FGA. Compaction was performed in a single layer until a 10%
increase in density (or 10% height reduction) was achieved with a vibrating hammer, as illustrated
in Figure 27. However, it is hard to precisely control the height reduction with a vibrating hammer.

FIGURE 27. Vibrating hammer compaction
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3.4 One-Dimensional (1-D) Consolidation Tests
3.4.1 Introduction

1-D consolidation tests were conducted in accordance with AASHTO T 216. In this test
protocol, each load increment is maintained until the change in deformation becomes relatively
negligible (typically within 24 hours). During the consolidation process, the specimen height is
measured at different time increments. The collected data were used to compare the effective stress
and void ratio or vertical strain. Two distinct test setups were utilized to perform one-dimensional
consolidation tests, both designed to simulate similar conditions. Short-term deformation under
static load, was assessed using a closed-loop servo-hydraulic test machine, the GCTS system. The
duration of each test was 24 hours. Linear variable differential transducers (LVVDTs) were mounted
on top of the mold to measure deformation accurately, as shown in Figure 28. For assessing long-
term tests, a custom-built setup developed at WSU for the previous Illinois Tollway project was
modified accordingly and then employed (Wen et al., 2022). This setup, illustrated in Figure 29,
employed pneumatic pressure to apply controlled loads onto a steel plate positioned on top of the
sample. The applied pressure was calibrated using a digital load cell, while deformation was
measured with digital dial gauges.

Sand and EMB1 samples were prepared in 6-in diameter molds, while FGA1 and FGA2
samples were prepared in 10-in diameter molds to maintain the appropriate ratio between the
maximum particle size and the mold diameter. FGA particles were screened through a 2-in sieve
for this test. All samples were subjected to an initial seating load of 1 psi prior to testing to ensure

proper contact between the steel plate and the sample.
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3.4.2 Test Procedure
3.4.2.1. Same Stress Level for 24 hours

FGAs were compressed up to 10, 20, and 30% height reduction under static (very slow)
compaction. Based on the results for FGAL later, it was found that a 10% height reduction was
sufficient for sample preparation. Therefore, FGA2 was compacted to 10% height reduction only.
Sand and EMB1 were compacted to 95% of their maximum dry density (based on standard proctor
in accordance with IDOT specifications) at optimum moisture content, respectively. Compacted
samples were then subjected to 1-D consolidation under a vertical stress level of 4 psi for 24 hours.
This pressure level represents the overburden pressure at the bottom of a 22-ft FGA embankment
beneath a 3-ft pavement structure. This 25-ft pavement and embankment profile was selected
based on the previous Illinois Tollway study (Wen et al. 2022).
3.4.2.2. Same Stress Level for 30 Days

Although not part of the original work plan, 30-day 1-D consolidation tests were included
to determine the long-term compression of FGASs in accordance with AASHTO T216 using the
pneumatic pressure frame. Of special interest is whether the FGA particles continue to crush under
a static load for an extended duration, which may lead to excessive settlement. Static compaction
to 10% height reduction or 10% increase in density was applied to the FGA samples. Due to time
constraints, the applied pressure was 4 and 12.9 psi for FGAL, and 4 psi for FGA2. The 12.9 psi
stress level is the maximum pneumatic pressure available in the laboratory to evaluate the behavior
of FGAL under a large load level (e.g., under the footing of a structure).
3.4.2.3. Multiple Load Incremental Level

To determine the magnitude and rate of consolidation of EMB1 and sand and the rate of
compression of FGAs, 1-D consolidation with incremental loading was conducted in accordance
with AASHTO T216. Five stress levels- 1.8 psi, 3.6 psi, 7.2 psi, 14.4 psi, and 29 psi- were applied
for 24 hours at each pressure level. The data were recorded at 0.1, 0.25, 0.5, 1, 2, 4, 8, 15, 30, 60,
120, 240, 480, and 1440 minutes. Both FGA1 and FGA2 were statically compacted to achieve a
10% height reduction. Sand and EMB1 were compacted to 95% of their maximum dry density at
their respective optimum moisture contents.
3.5 Direct Shear Test

To measure the resistance of the FGA samples to shear, direct shear tests were performed

in accordance with AASHTO T236. To implement this, a direct shear device (6-in-diameter) was
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used for this study, as shown in Figure 30. Normal pressure was applied through a pneumatic air
cylinder. The shear force was imposed through the hydraulic GCTS system, which recorded the
shear force and displacement over time during the test. Particles were screened through a 1.5-inch
sieve and were statically compacted until a 10% height reduction was achieved. The shear tests
were conducted under dry conditions. The confining stress levels were controlled at 1.33, 3.11,
4.44,8.85, and 13.27 psi (9.2, 21.5, 30.6, 61, and 91.5 kPa), respectively. The shear displacement
was set at 0.04 in./min. Because no apparent peak shear load occurred, the shear pressure at 10%

shear strain was used as the shear strength.

__° e z
FIGURE 30. Direct shear test setup

In one of the previous studies, the manufactured direct shear device and data collection
procedure were verified using a clean, dry, loose sand (Wen et al., 2022). Dry sand should have
minimal to no cohesion; only friction between particles provides resistance to shear pressure.
Based on the data collected, the cohesion and friction angle were determined to be O psi and 45,
respectively, as shown in Figure 31, which confirms the theory of zero cohesion for dry sand.

Therefore, the fabricated shear device was found to be effective.
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FIGURE 31. Direct shear test result for sand (Wen et al. 2022)

3.6 Dynamic Triaxial Test

Dynamic triaxial tests were conducted to simulate the impact of traffic loading on the
EMBL1 and FGA samples in an embankment. EMB1 samples were compacted in a split mold with
a diameter of 6 in. in six layers, each with a height of 2 inches, to reach a target height of 12 inches,
in accordance with AASHTO T 307-99 (2017), as illustrated in Figure 32(a). The mass of each
layer was determined using the corrected OMC and 95% MDD. A triaxial chamber was used to
provide an air-tight environment so that the target confining pressure could be reached during the
test. The water valves for drainage were kept open during the tests. FGA samples were statically
compacted in one layer to achieve a 10% height reduction. Also, instead of applying air
confinement in an enclosed cell, vacuum suction pressure was used, for the ease of testing, as
shown in Figure 32(b). Two linear variable differential transducers (LVDTSs) were used to measure
the axial deformation over 6-in. spacing. Frame LVDT readings were used to determine the

resilient modulus of FGA.
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@) (b)
FIGURE 32. Dynamic triaxial test setup for (a) EMB1 and (b) FGA

The same stress levels for triaxial tests were applied based on the previous Illinois Tollway
study, which utilized a finite element program analysis of typical pavement structures for the
Illinois Tollway using EverFE (Wen et al., 2022). The confining pressure at the bottom of the base
layer was 4.35 psi, the seating and the cyclic load were 2.9 psi. Figures 33 and 34 show the traffic
loading pattern and applied stress used for the analysis, respectively. Axial loading was applied
using haversine-shaped loading, a 0.1-second load pulse followed by a 0.9-second rest period, as
shown in Figure 35.
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FIGURE 33. EverFE design vehicles: wheel loading pattern

Stress (ksi)
-0.00368 -0.00285 -0.00207 -0.00778 -0.000342

FIGURE 34. Stress levels based on EverFE analysis

3.7 Test Embankment Construction

To study the field compaction of FGA, a field experiment was conducted. A 10°x12°x2’
test site was prepared with loosely raked FGAL, which was laterally confined with concrete
barriers. The FGA1 was subjected to six passes of a tracked backhoe, which exerted a ground track
pressure of 900 psf. This pressure falls within the recommended ground pressure between 625 and
1,025 psf. After each pass, density was measured with a nuclear density gauge (Figure 36(a)) and
the surface elevation was measured in tracked areas with a laser level (Figure 36(b)).
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@)
FIGURE 36. (a) Density measurement and (b) elevation shot

3.8 Summary of Tests

(b)

Table 12 presents a summary of the testing program covering all of the tests conducted in

this study, including:
1 Characterization of tested materials
1 Volumetric properties of FGAS
1 Proctor test
1

Aerodynamic test
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9 One dimensional consolidation for

various stress levels, compaction

methods and duration

TABLE 12. Summary of Testing Schedule

FGAl FGA2
Tests EMBL | Sand o4 T<15in. | <2in.| <i5in
Gradation X X - - - -
Atterberg Limit X -
Proctor (Standard) X X
Electrochemical Properties - - X - X -
Axial Compression Compaction X - X -
Aerodynamic X - X -
Initial Bulk i i « ) « )
. Density
Volumetric —
Properties SpeC|_f|c - - X - X -
Gravity
Absorption - - X - X -
Modified and
Standard - - X - X -
Proctor
Gyrator
Cor¥1pacti>cl)n ) - X ) X -
Laboratory WSDOT - - X - X -
. Compaction
Compaction
Vibratory
Table - - X - X -
Compaction
Vibratory
Hammer X X X X X X
Compaction
30 4 psi - - X - X -
days/l | 12.9 i i « ) ] ]
stress psi
5 1.8-
1-D days/5 29 X X X - X -
stresses | psi
1 day/1 Aizp “:'; X X X . X -
stress p - - X - X -
psi
Direct Shear Large - - - X - X
Dynamic
T¥iaxial Large X il - X - X
Pilot Construction - - - -

Note: ‘X’ tested; ‘-* not tested; shaded cells: not applicable.
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CHAPTER 4: ANALYSIS AND RESULTS

After the laboratory tests were completed, the research team analyzed the results to
determine the performance of the FGA samples and to compare the FGA's performance to that of

the EMB1 and sand as reference materials.

4.1 Electrochemical Properties of FGA

To determine the viability of FGA as MSE wall select fill, the electrochemical properties
of FGA1 and FGA2 were tested by Flood Testing Laboratory, Inc., in accordance with Illinois
Modified AASHTO methods. Table 13 summarizes the results for FGA1 and FGAZ2, showing that
the organic, sulfate, and chloride contents complied with IDOT specifications. However, the pH
values of both FGA1 and FGA2 were 12.4, exceeding the IDOT upper limit of 10.0 for steel
reinforcement. Additionally, the resistivity of FGA1 and FGA2 was 387 ohm-cm and 160 ohm-
cm, respectively—significantly below the IDOT minimum requirement of 3,000 ohm-cm. Illinois-
modified AASHTO T288 and T290 specify that particles be crushed to pass the #10 sieve, and a
that a 1:1 particle-to-water ratio by mass is used for pH testing. Due to the lightweight nature of
FGA, the particle-to-water ratio by volume for FGA is significantly larger than that for

conventional soils and aggregates.

TABLE 13. Electrochemical Properties of FGA1 and FGA2 by Flood Testing Laboratory,

Inc.
Chemical and Physical Analysis
Procedures FGAl FGA2 IDOT Specifications
Organic Content (AASHTO T 267) 0.80% 0.80% <1.0%

pH (AASHTO T 290) 12.4 12.4 5.0 — 10.0 (steel strap)

Sulfates (AASHTO T290) 28 ppm 24 ppm <200 ppm

Chlorides (AASHTO T 291) 1.5 ppm 3.7 ppm <100 ppm

Minimum Resistivity (AASHTO T 288) 387 ohm-cm 160 ohm-cm >3000 ohm-cm

There is no widely accepted national specification for lightweight aggregates as MSE wall
select fill. The South Carolina DOT has special provisions for pH and resistivity of lightweight fill
materials. Soil Consultants, Inc., South Carolina, was engaged to perform pH and resistivity tests
on FGAL. Sample preparation followed SC-T-143 with as-received gradation (without crushing to
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pass the #10 sieves), while pH and resistivity tests adhered to ASTM D1293 Method B and ASTM
D1125 Method A, respectively, using a 1:1 particle-to-water ratio by mass for pH testing. Table
14 presents the measured values, which show that FGA1's pH values were lower than results from
Illinois-modified methods but still exceeded IDOT's upper limit of 10, and its resistivity remained
below the required minimum of 3,000 ohm-cm.

TABLE 14. pH and Resistivity of FGA1 by Soil Consultants, Inc — South Carolina

Test Test Methods Sample ID Test Results
oH SC-T-143, D1293, Sample #1 10.58 | 10.72 10.73 10.74
Method B Sample #2 10.64 | 10.85 10.78 10.80
Resistivity | SC-T-143, D1125, Sample #1 2794 2794 2794 2790
Ohm-cm Method A Sample #2 2785 2788 2795 2794

4.2 Axial Compression of FGA

Following EN 1097-11:2013 test method (European Committee for Standardization,
2013), axial compression tests were conducted on dry FGAL and FGA2, as well as saturated FGA1
with a GCTS system to assess their compressibility. In accordance with EN 1097-11:2013,
“confined strengths,” defined as confined stiffness at 10 and 20% deformation (or height
reduction), need to be greater than 7,000 and 15,000 Ib/ft?, respectively. Figure 37 indicates that
there is no significant difference between dry and saturated conditions in terms of compaction
efforts. Figure 38 shows that FGA1 and FGA2 exhibited a confined strength of about 5,000 Ib/ft?
at 10% deformation, less than the 7,000 Ib/ft> required confined strength. However, at 20%
deformation, dry FGA1 and FGA2’s confined strengths were around 14,200 Ib/ft?. FGAL and
FGAZ2 had similar confined strengths at different deformation levels. The confined strength of
saturated FGA1 at 20% deformation was around 12,000 Ib/ft2.

Additionally, sieve analyses were conducted on the compacted samples in accordance with
AASHTO T27 and compared to the as-received gradation. As shown in Figure 39, greater particle
breakdown was observed with increased compression effort, particularly when the compression
level increased from 10% to 20% and from 20% to 30% deformation, compared to the change
from 0% to 10%.
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Comparison of Axial Compression of FGAL at Dry and
Saturated Conditions
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FIGURE 37. Comparison of axial compression of FGAL at dry and saturated conditions

Comparison of Axial Compression of FGAL and FGA2
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FIGURE 38. Comparison of axial compression of FGAl and FGA2
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Gradation comparison of FGA2 an FGAL1 for axial compression
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FIGURE 39. Gradation comparison of FGA1 and FGA2 for axial compression

4.3 Aerodynamic Test of FGA1

The susceptibility of FGAL to wind erosion arises from its low density. An aerodynamic
test, shown in Figure 40, was conducted to evaluate its wind erodibility and determine the threshold
wind speed that initiates particle erosion with a custom-built device at WSU.

It was found that wind erosion occurred at a wind speed of 60 mph. The record wind speed
in Chicago is 87 mph (Skilling, 2014), which indicates that FGA needs to be covered with
conventional materials. It is noted that wind speed is typically measured 10 meters (or 33 ft) above
the ground. However, in some cases, the embankment can also be significantly higher (e.g., 25 ft,
as used in this study) than the ground. Therefore, the worst-case scenario was used in this

recommendation.
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FIGURE 40. Aerodynamic test on FGA1

4.4 Laboratory Sample Preparation Methods

Based on the literature review, different methods of laboratory compaction were
experimented with to determine an appropriate laboratory compaction method for proper sample
preparation. Figure 41 presents the compacted unit weights achieved with various methods, while
Figure 42 shows the unit weight growth with increasing compactive efforts, with the maximum
number of blows or gyrations being 100%. The Modified Proctor with a steel plate on top of FGAL
and the gyratory compactor with a steel plate generated the highest unit weight, followed by the
modified Proctor with a rubber plate and the gyratory compactor with a rubber plate. The Standard
Proctor with a steel plate at 56 blows and WSDOT TM15 produced unit weights close to gyratory
compaction with 0-5 gyrations and a rubber plate. The vibratory table compaction for 10 minutes
had the lowest unit weight. The compaction methods for conventional materials presented several
limitations. The Proctor test (Standard and Modified) faced challenges due to the 6-in mold being
too small to accommodate FGA, which has a nominal maximum aggregate size of 2.5 inches.
Additionally, in a Modified Proctor test, the rammer impact caused significant particle breakage,
regardless of whether a steel plate or rubber pad was used on top. Gyratory compaction exerted
very high pressure (600 kPa or 87 psi), resulting in the most significant changes in gradation due
to particle breakdown. The WSDOT TM-15 test, which utilizes a 10-in mold and horizontal
tapping, showed promise but is currently not readily available or widely accessible for use.
Gradations of FGAL samples were determined before and after compaction, as shown in Figure
43. Compaction methods that resulted in higher density crushed the FGA particles to finer

gradations.
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To address these challenges, the vibratory table and axial/static compression compaction
methods were also explored. Figure 43 depicts that the vibratory table compaction for 10 minutes
and axial compression at 10% deformation demonstrated a key advantage in preserving particle
integrity, as they avoided excess particle breakage observed in other methods. Despite the
promising results of the vibratory table method, its high cost, large surcharge, and limited
availability make it less practical for routine laboratory use. Static compaction, therefore, was
primarily used in the sample preparation in this study.
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FIGURE 41. Comparison of FGAL density at different compaction method
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FIGURE 43. Gradation of FGA1 before and after compression

52




4.5 1-D Consolidation Test

4.5.1 1-D Consolidation for 24 Hours
To evaluate the creep behavior of FGAL, the material (< 2 inches) was first compacted

with static compaction to 10, 20, and 30% height reduction and then subjected to a 1-D
consolidation test under a static load of 4 psi for 24 hours. The results were compared with those
of embankment clay (EMB1) and sand. EMB1 and sand were compacted to 95% MDD at OMC.

As shown in Figure 44, for statically compacted FGA1, when compaction efforts increased
from 10% to 20% and 30% volume reduction, the consolidation of FGAL slightly increased, likely
due to particle crushing. Overall, 10% static compaction of FGAL led to consolidation that was
lower than that of sand and EMB1 under the same stress level. Figure 44 also indicates that 10%
vibratory table compaction for 10 minutes exhibited consolidation comparable to 10% static
compaction and lower consolidation than that of sand or EMBL. For the preparation of samples
for other tests in this study, a 10% height reduction based on static compaction was used. This
aligns with the compaction efforts for sample preparation of 11% height reduction used by Nicks
et al. (2024), which was based on the field compaction study by McGuire et al. (2021).

Only two replicates of FGA2 were compacted to 10% height reduction. Subsequently, they
were tested under a pressure of 4 psi. FGA2 also demonstrated creep that was significantly lower
than clay (EMB1), comparable to sand, but slightly higher than FGAL, as shown in Figure 44.

FGAL and FGA2 were also tested for a stress level of 12.9 psi with a pneumatic pressure
frame for 24 hours. Figure 45 demonstrates the results. Higher compression values are observed,
but still very low, 0.1% for FGA1 and 0.21% for FGA2 at the end of 24 hours. Note that the
observed vertical stepwise increase in deformation in FGAs and EMBL1 during consolidation may
be attributed to the crushing of FGA particles and the breakdown of lumps (smaller than % inch)
formed during EMB 1 sample preparation.
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Summary of 1-D Compression
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FIGURE 44. Summary of 1-day 1-D consolidation test at stress level of 4 psi
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FIGURE 45. Comparison of 1-day 1-D compression of FGAL and FGAZ2 at 12.9 psi
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