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EXECUTIVE SUMMARY

The goal of this project was to implement several stabilization methods for preventing or
mitigating freeze-thaw damage to granular surfaced roads, and identify the most effective and
economical methods for the soil and climate conditions of lowa. Several methods and
technologies identified as potentially suitable for lowa were selected from an extensive analysis
of existing literature provided in lowa Highway Research Board (IHRB) Project TR-632. Using
the selected methods, demonstration sections were constructed in Hamilton County on a heavily
traveled two-mile section of granular surfaced road that required frequent maintenance during
previous thawing periods.

Construction procedures and costs of the demonstration sections were documented and
subsequent maintenance requirements were tabulated through two seasonal freeze-thaw periods.
Extensive laboratory and field tests were performed prior to construction, as well as before and
after the two seasonal freeze-thaw periods, to monitor the performance of the demonstration
sections. A weather station was installed at the project site and temperature sensors were
embedded in the subgrade to monitor ground temperatures up to a depth of 5 ft and determine the
duration and depths of ground freezing and thawing. An economic analysis was performed using
the documented construction and maintenance costs, and the estimated cumulative costs per
square yard were projected over a 20-year timeframe to determine break-even periods relative to
the cost of continuing current maintenance practices.

The post-thawing field tests showed that the composite moduli of the macadam sections were
about five times higher than the control sections. However, the macadam sections with non-
woven- (NW-) geotextile had lower moduli than the corresponding sections without the NW-
geotextile. The chemically and geosynthetically stabilized sections also had significantly
increased moduli. The moduli of the aggregate column and geocomposite sections were similar
to the control sections. However, these two methods are aimed at improving freeze-thaw
resilience by improving drainage, not by increasing stiffness. Based on survey photos taken on
11 different dates during the two freeze-thaw periods, most of the stabilization methods
examined can minimize frost boils and potholes and improve the surface conditions of granular
surfaced roads to varying degrees. Even the roadway surface treated with bentonite was much
drier and tighter than the other sections during the thawing period. However, the sections with
chloride surface treatments showed more ice lenses during freezing, and were more prone to
potholes and washboarding during the thawing period. Additionally, the geocomposite drain
section suffered significant rutting during the 2015 thawing period, which may require further
study. The subgrade under the macadam sections also exhibited improved strength, stiffness, and
frost-susceptibility ratings compared to the control and other demonstration sections.

Some recommendations for future research activities and implementation are provided below:

e Continue monitoring and comparing the long-term performance of the various demonstration
sections to better assess the maintenance requirements, estimate service lifespans, and more
clearly identify the most effective and economical solutions for preventing and mitigating
seasonal freeze-thaw damage.
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e Install additional strings of thermocouples and sensors to monitor the ground temperature
profiles and moisture contents under the different stabilization sections.

e Study the physics and mechanisms involved to understand why the chloride surface treatment
caused more ice lenses on the roadway surface during freezing and was more prone to
potholes and washboarding during thawing.

e Evaluate the feasibility of using multi-channel analysis of surface waves (MASW) testing as
a more economical alternative to falling weight deflectometer (FWD) testing for measuring
and monitoring the stiffness of the different layers of granular surfaced road systems.

Counties could benefit by immediately implementing some of the research project findings. First,
the aggregate columns were very inexpensive to install, and appeared to reduce the occurrence of
frost-boils and related washboarding and ice lenses on the surface. Minor rutting was observed
near the shoulders, which could be improved by installing more aggregate columns near the
shoulders, as well as installing a denser grid of columns. The columns are believed to function
primarily as drainage basins, so their effectiveness in any year may be a function of their depth,
the depth of the water table, and the amount of seasonal precipitation. The aggregate columns
had a break even period of 1 year (2 years with geocomposite linings), after which the
cumulative construction and estimated maintenance costs would be less than continuation of
existing maintenance practices.

After the aggregate columns, the biaxial (BX) geogrid sections had the next shortest break-even
periods of 8 years without a geotextile layer, or 9 years with the geotextile, followed by cement
(9 years), recycled Portland cement concrete (RPCC) macadam (10 years), bentonite
stabilization and dirty macadam (11 years), dirty macadam with chloride, clean macadam, and
geocomposite (12 years), and RPCC macadam with NW-geotextile (13 years). Due to higher
construction costs, the clean and dirty macadam sections with bentonite and/or NW-geotextile
would have very long break-even periods (>20 years). For the dirty and clean macadam sections
with NW-geotextile, virgin aggregates were dumped to cover spots where the geotextile was
exposed, which led to higher projected annual maintenance costs. The recorded maintenance cost
of the fly ash section was greater than the previous maintenance practices, so no break-even
period exists for this section.

Overall, the BX geogrid and macadam-based sections had the best observed freeze-thaw
performance in this study. They have larger initial costs and longer break-even periods than the
aggregate columns, but counties should also weigh the benefits of improved ride quality and
savings that these solutions can provide as excellent foundations for future paving or surface
upgrades.

The actual long-term performance of the various sections may be different from those predicted
based upon the maintenance costs documented in this two-year project. Additional long-term
monitoring is recommended to more accurately determine the life-cycle costs of each section and
better identify the most economical and effective stabilization methods.
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CHAPTER 1. INTRODUCTION

This chapter introduces the research problem related to freeze-thaw performance of granular
surfaced roads and describes the research goals and objectives. The final section of this chapter
describes the organization of the report.

1.1 Problem Statement

Granular surfaced roads in seasonally cold regions are frequently subjected to freeze-thaw
cycles, which lead to damage such as frost heave, frost boils, thaw weakening, rutting, and
potholes. The damage significantly increases maintenance costs, adversely affects public safety,
and inconveniences both agricultural traffic and the traveling public. The most unfavorable
scenarios usually occur during spring thaws, when granular surfaced roads are most vulnerable
and also heavily used by agricultural traffic. Thawing water cannot drain efficiently and becomes
trapped above the zone of frozen soil, causing the saturated unbound granular materials to lose
strength, especially under heavy traffic loads.

Current maintenance practice typically involves covering the entire damaged road surface with
virgin aggregate then blading without compaction, and lowering or cleaning drainage ditches.
However, since virgin aggregate is becoming more scarce and continually increasing in price,
this is not the most sustainable or economical solution. Additionally, current practice is focused
on repairing freeze-thaw damage rather than minimizing or preventing its occurrence in the first
place. Many studies have evaluated various methods to improve the freeze-thaw performance of
granular surfaced roads such as chemical, mechanical, and biological stabilization, but most of
these studies focused on only one or two technologies, without comprehensive long-term
performance monitoring. To address the perceived deficiencies, White and Vennapusa (2013)
reviewed more than 150 journal articles and research reports from the domestic and international
literature. Based on their recommendation that “demonstration research projects be established to
examine a range of construction methods and materials for treating granular surfaced roadways
to mitigate frost-heave and thaw-weakening problems,” a field demonstration project was
conducted in this study to compare the relative performance, durability, and costs of several
stabilization technologies under the same set of geological, climate, and traffic conditions.

1.2 Goal and Objectives of the Research

The main goal of this project was to identify the most effective and economical stabilization
methods for preventing or mitigating freeze-thaw damage on granular surfaced roads. The
specific objectives of the research project were as follows:

e Construct demonstration test sections using several of the stabilization methods
recommended in IHRB Project TR-632 (White and Vennapusa 2013)

e Perform comprehensive laboratory tests to compare the relative performance of the various
stabilization methods



e Conduct comprehensive field tests to compare the relative performance of the demonstration
sections before, during, and after seasonal freeze/thaw cycles

e Assess the construction costs, relative performance, maintenance costs, and long-term life-
cycle costs of the different stabilization methods

e |dentify the most effective and economical methods for minimizing or eliminating freeze-
thaw issues before they occur

e Translate the research results into practice

1.3 Site Selection

A two-mile stretch of granular surfaced road (Vail Avenue between 310th and 330th Streets) was
selected for the demonstration sections. This granular surfaced road is one of the most heavily
used in Hamilton County, lowa, requiring constant year-round maintenance with up to four
grader passes per week during the 2013 thawing season. The Hamilton County Engineer reported
that approximately 350 tons of virgin aggregate was dumped per mile in each year to repair the
damage. The County Engineer also prefers to avoid reclaiming ditch material back into the
roadway, because the ditch material typically contains a significant amount of fines washed from
the adjacent agricultural fields. This section of roadway was chosen for the demonstration project
because it experiences the most significant freeze-thaw damage in Hamilton County, and
methods that prove effective for this stretch of road should therefore be effective for less
damage-prone roads.

1.4 Significance of the Research

This research project aims to generate a better understanding of the relative effectiveness,
durability, and life-cycle costs of a range of stabilization methods documented in IHRB TR-632.
From this research, best practices for economical mitigation of freeze-thaw related damage to
granular surfaced roads will be identified and recommended. The long-term benefits of this
project will be to improve the quality, longevity, and state of good repair of granular surfaced
roads, which constitute a vital component of Iowa’s infrastructure. For the benefit of the public,
the results of the research project can be easily implemented by the lowa Department of
Transportation (DOT) and local secondary roads departments.

1.5 Organization of the Report

Chapter 2 provides background information on previous studies, the stabilization technologies
used in this study, and the multi-channel analysis of surface waves (MASW) and falling weight
deflectometer (FWD) field test methods. Chapter 3 summarizes the laboratory and field test
methods used to evaluate and compare the various stabilization methods. Chapter 4 provides
details on the sources and properties of geomaterials, chemical stabilizers, and geosynthetics
used in this project. Chapter 5 describes the timelines, procedures, and equipment used for
constructing the various demonstration sections. Chapter 6 contains discussion of the laboratory
and field test results of the preconstruction roadway conditions, as-constructed performance, and
post-thawing performance of the various demonstration and control sections, as well as



economic analysis of the various stabilization methods. Chapter 7 presents the conclusions and
outcomes derived from this project, and offers recommendations for further research and
implementation of the research results into practice. Supporting materials are included as
appendices.



CHAPTER 2. BACKGROUND

The lowa Highway Research Board (IHRB) Project TR-632 “Low-Cost Rural Surface
Alternatives: Literature Review and Recommendations” (White and Vennapusa 2013) reviewed
more than 150 domestic and international publications to assess technologies for improving the
freeze-thaw performances of low-volume roads. Based on the literature review results, the most
suitable and economical technologies for constructing and maintaining unpaved roads in
seasonally cold regions were recommended. The present project is focused on comparing the
relative performance, durability, and life-cycle costs of demonstration sections constructed using
several of the recommended technologies under the same set of geological, climate, and traffic
conditions.

The following literature review summarizes the construction methods, performance, and key
findings related to the recommended technologies. In this project, the multi-channel analysis of
surface waves (MASW) test method was used to measure the multi-layered stiffness of the
unpaved road systems and compared to falling weight deflectometer (FWD) tests. The MASW
test method and differences between the MASW and FWD methods are also discussed in this
chapter.

2.1 Freeze-Thaw Damage of Unpaved Roads

The physical mechanisms leading to freeze-thaw damage of road systems have been examined in
many previous studies (e.g., Alzubaidi 1999, Saarenketo and Aho 2005, Aho and Saarenketo
2006, Johnson 2012). Freeze-thaw damage is usually caused by a combination of several factors
including frost-susceptible soils, a high ground water table, poor subsurface drainage, heavy
traffic loading, and frequent freeze-thaw cycling (Hoover et al. 1981, Kestler 2003, Henry et al.
2005, Saarenketo and Aho 2005, White and VVennapusa 2013). During spring thaws when
unpaved roads experience heavy loading from agriculture traffic, the melt water and capillary
water trapped in the surface course and top of the subgrade of unpaved roads cannot drain
efficiently, causing saturation of the materials which consequently lose strength and stiffness.
Current practices, such as dumping and blading virgin aggregate, are typically aimed at repairing
freeze-thaw damage rather than minimizing or preventing it in the first place (White and
Vennapusa 2013). In contrast, one of the goals of this study is to identify methods which can
effectively prevent or minimize the occurrence of such damage.

Many previous studies have evaluated various methods such as mechanical and chemical
stabilization and the use of geosynthetics to improve the freeze-thaw performance of unpaved
roads (e.g., Hoover et al. 1981, Berthelot and Carpentier 2003, Henry et al. 2005, Azadegan et al.
2013), but most of these studies focused on only one or two technologies. Based on the results of
the previous studies, it can generally be concluded that technologies which permanently increase
strength or improve drainage of surface courses of unpaved roads can also significantly improve
their freeze-thaw performance. However, due to the different subgrade, climate, and traffic
conditions of the separate studies, it is difficult to accurately compare the true effectiveness of
the various stabilization methods. As mentioned above, the present project employs
demonstration sections using several technologies on the same 2-mile stretch of granular



surfaced road to directly compare their performance under the same set of subgrade, climate, and
traffic conditions.

2.2 Macadam Stone Base Course

The constructability, performance, and durability of both paved and unpaved roads with
macadam stone base layers have been evaluated in previous field projects in lowa (Less and
Paulson 1977, Lynam and Jones 1979, Hoover et al. 1981, Jobgen et al. 1994). Macadam stone
base layers with large (i.e., maximum of 3 or 4 in.) particle sizes were reported in these studies to
improve both drainage and stability of the road systems. Details from several of these projects
are summarized in Table 1. The lowa DOT Standard Specifications for crushed stone base
material (Section 4122.02 of lowa DOT 2012) state that the macadam stone should have a
nominal maximum size of 3 in. and be screened over either a 0.75 in. sieve, or a 1 in. sieve if
specified in the contract documents. However, some of the previous projects had macadam stone
with a maximum size of 4 in. or particles finer than the 0.75 in sieve.

According to the previous studies (Less and Paulson 1977, Lynam and Jones 1979, Jobgen et al.
1994), construction of the macadam stone base layers was simple and fast. The materials were
placed either on a prepared subgrade or on an existing unpaved road surface using a Jersey
Spreader and compacted using a vibratory drum roller. As shown in Table 1, the macadam base
layer thickness varied between 4 and 10 in. for the different projects. A choke stone layer with
double seal asphalt coat (Jobgen et al. 1994, Less and Paulson 1977) or Portland cement concrete
(PCC) and asphalt concrete (AC) overlays (Lynam and Jones 1979) were built upon the base
layer as surface courses. Procedures and equipment for constructing macadam base course are
also specified in Section 2210.03 of the lowa DOT Standard Specifications (2012). According to
the specifications, the macadam stone base shall not be constructed on a natural soil subgrade,
and the subgrade should first be corrected, with provision for a filter course if required by
contract documents.

Performance and durability of the test sections in the previous projects were evaluated by annual
field tests or visual inspections and comparison with other chemical stabilization methods. The
test results showed that the macadam base layers improved drainage and minimized freeze-thaw
damage and other subsurface drainage issues (Less and Paulson 1977, Lynam and Jones 1979).
Compared to other stabilization methods, the use of macadam base layers resulted in the best
overall performance and durability (Jobgen et al. 1994). Less and Paulson (1977) also evaluated
the effects of macadam base layer thickness, and determined that an 8 in. thick macadam stone
base layer is the most cost-effective design for lowa. The effects of nonwoven geotextile layers
between the macadam stone base and subgrade were also evaluated (Hoover et al. 1981, Jobgen
et al. 1994). The nonwoven geotextile did not show a noticeable improvement in several
measures of performance and also decreased the composite stiffness of the road systems.
However, permanent deformations of the sections were reduced when the nonwoven geotextile
was used. More details about the previous projects in Table 1 are detailed below.



Table 1. Summary of previous field research projects involving macadam stone base layers

Proiect Construction Gradation  Thickness of Surface
J Location of Macadam Macadam Subgrade  Fabric Course Reference
Number Year : .
Stone Base (in.) Material
. . 3 in. thick
Road X-31, 100% < 4 in. Silty Clay (Less and
IHRB . choke stone
HR-175 Des Moines  October 1975 and 12%to 4,6,8,and 10  loam and No with double Paulson
County, lowa 26% < 1in. silt loam 1977)
seal coat
ISU-ERI- . . 100% < 4 in. 4 in. choke
AMES- gﬁ'&:\?x :BI\:]vr; October 1976 and 14% 8 Af\%)(g‘)”d Yes  stone with (;'Iocl"égrl)et
80211 4 < #4 sieve seal coat '
Road G-61 100% < 3'in.
IHRB . ' September 0 (Lynam and
HR-209 Adair County, 1979 and 4.1_A> 5and 6 Unknown No PCC and AC Jones 1979)
lowa <0.751in.
Horseshoe 0 : 3in. thick
IHRB Road, November 122(1/01;30/'0“ 5 GI'aA\c_gl(aa Yes choke stone (Jobgen et
HR-312 Dubuque 1988 . y with double al. 1994)
>0.751n. loam
County, lowa seal coat




Less and Paulson (1977) evaluated the feasibility and economics of constructing unpaved roads
using macadam stone base layers. A total of 8 miles of granular surfaced roads in Des Moines
County, lowa were constructed using macadam base layer thickness of 4, 6, 8, and 10 in. Visual
inspections and deflection tests (i.e., Benkelman Beam and Road Rater tests) were conducted
annually from 1975 to 1977 to compare performance of the different sections. The results
showed breakups and deteriorations of the double-seal coated surface on sections with 4 to 6 in.
thick macadam bases layers, but the 8 and 10 in. sections performed well. Based on the test
results, the authors recommended an 8 to 10 in. macadam stone base with 2 in. choke stone and
earth shoulders, and concluded that quality of the macadam stone is not critical, with marginal
crushed limestone (<50% abrasion loss) considered adequate. Based on the construction costs,
however, hauling aggregate further than 20 miles to a project site would make the method
uneconomical.

Lynam and Jones (1979) evaluated the feasibility, economics, and performance of using
macadam stone base layers under PCC and AC pavements, with poor quality aggregate
containing fines (Class 1 aggregate). One control and seven test sections with combinations of
different base layer thicknesses (5 or 6 in.) and surface courses (2 to 6 in. for PCC and 2 or 3 in.
for AC pavement) were constructed in Adair County, lowa. Pavement cracks and rutting depth
were measured, and joint faulting surveys and Road Rater tests were conducted from 1979 to
1984. The 6 in. thick macadam bases with less than 3 in. PCC or 2 in. AC pavements had
cracking, breakup, and rutting after the first winter. Based on the Road Rater tests, the authors
concluded that 5 in. of macadam base was equivalent to an additional 0.5 or 0.75 in. PCC in
terms of structural rating. However, the main function of the macadam base was to drain water
from the subgrade and serve as a capillary barrier for the surface course, so the thickness could
be reduced to 3.5 to 4 in. The authors also recommended that the quarry be within 10 to 20 miles
of the project site for the method to be economically competitive.

Hoover et al. (1981) evaluated the effect of a nonwoven geotextile (Mirafi™ 140) between the
macadam base and subgrade on the performance and durability of granular-surfaced roads built
on frost-susceptible silty soils. A total of eleven test sections were constructed using
conventional granular backfill base and macadam stone base methods in Linn County, lowa.
Field performance tests including spherical bearing value, plate bearing, and Benkelman beam
tests were conducted on the sections over three winter-spring freeze-thaw cycles from 1976 to
1979. The nonwoven geotextile did not give a noticeable improvement in performance and
decreased the stiffness of the road system, particularly at the most critical stage of frost boil
development. However, permanent deformations were decreased when the geotextile was used.

Jobgen et al. (1994) constructed an unpaved road in Dubuque County, lowa using four
stabilization methods: (1) high float emulsion (HFE-300) to treat the top 3 in. of base stone, (2) a
bio-chemical formula (BIO CAT 300-1) to treat 6, 8, and 10 in. thick layers of base stone, (3) the
Consolid System method in the top 10 in. of subgrade, wherein a combination of two inverted
emulsions are used for dry soil, or an inverted emulsion and a lime hydrated base powder are
used to treat the base stone for wet soil, and (4) a 5 in. macadam base with 3 in. of choke stone
along with Tensar fabric under one of the sections. Annual visual inspections, Roughometer, and
Road Rater tests were conducted from 1988 to 1992 to compare the relative performance of the
sections. The Road Rater results showed that the BIO CAT and Consolid bases yielded higher



structural ratings and soil K factors, but their visual performance was rated as poor due to
alligator cracking, rutting, and chuck holes. The macadam stone-based sections showed the best
overall performance and cost-effectiveness, with only a few locations showing minor rutting or
needing patching three years after construction. The effect of Tensar fabric placed underneath the
macadam base was not noticeable, and caused lower structural ratings and soil K values.

2.3 Chemical Stabilization

Chemical soil stabilization has long been recognized as an effective method to improve
engineering properties of soils such as shear strength, stiffness, compressibility, water sensitivity,
and frost susceptibility (Winterkorn and Pamukcu 1991). However, selection of appropriate
chemical stabilizers to ensure the performance of different soil types requires laboratory mix
design tests and an understanding of the chemical reactions. Winterkorn and Pamukcu (1991)
discussed the chemical reactions and recommended laboratory mix design procedures for using
cement, fly ash, lime, and bitumen to stabilize soils. Many previous studies have also evaluated
different chemical stabilizers for improving freeze-thaw performance of unpaved roads (e.g.,
Hoover 1973, Jones 2003, Shoop et al. 2003, Bushman et al. 2005, Jones and Surdahl 2014).
Jones and Surdahl (2014) also developed a web-based tool to select appropriate chemical
treatment methods for unpaved road surfaces based on survey results from practitioners.

In the present project, three types of commonly used chemical stabilizers were selected to build
the test sections: cement, class C fly ash (ASTM C 618-12a), and bentonite. The laboratory and
field performance of these three stabilizers have been evaluated in many previous studies (e.g.,
Bergeson and Wahbeh 1990, Bergeson et al. 1995, Berg 1998, Bergeson and Barnes 1998,
Parsons and Milburn 2003, White et al. 2005b, White et al. 2005a, Johnson 2012, Solanki et al.
2013). Based on the studies, these chemical stabilization technologies can improve the shear
strength, stiffness, and freeze-thaw performance of soils, while reducing their wet-dry sensitivity.
However, certain issues specific to chemical stabilization need to be carefully considered. For
example, characteristics of the class C fly ash can vary significantly between different plants due
to different chemical components of the coal used (White et al. 2005a).

Bergeson and Wahbeh (1990) and Bergeson et al. (1995) evaluated the use of bentonite (sodium
montmorillonite clay) for dust reduction on limestone-surfaced roads in lowa. Comprehensive
lab and field evaluations were conducted, showing that the negatively charged surfaces of the
clay particles interact with positively charged limestone surfaces to effectively bond the fine
particles to the large limestone particles. The laboratory tests also indicated that the bentonite can
significantly increase compressive strength and improve slaking characteristics. Based on the
field evaluations, Bergeson et al. (1995) concluded that 8% bentonite by dry weight of aggregate
was the most cost effective mixing percentage. Dust reduction using bentonite was also
compared to calcium and magnesium chloride treatments. The authors concluded that calcium
chloride treatments are 2 to 3 times more effective in the short term, but bentonite is more cost-
effective, because the bonding capability of bentonite can last much longer (2—3 seasons) than
chloride treatments (3—4 months). Bergeson and Wahbeh (1990) also observed that chloride
treatments leave the surface prone to washboarding and potholes due to maintenance restrictions.



2.4 Geotextiles and Geogrids

Geotextiles and geogrids have been evaluated for mitigating freeze-thaw damage of unpaved
roads in many previous studies (Henry 1990, Henry 1996, Hoover et al. 1981, Lai et al. 2012).
The geosynthetics were typically placed at the aggregate-subgrade layer interface to provide
subsurface drainage, reinforcement, separation, and a capillary barrier. The mechanisms,
benefits, and designs for using geogrids and geotextiles to stabilize road materials were discussed
in Giroud and Han (20044, 2004b), and a reference manual on design and construction of
highway works using geosynthetics was developed by Holtz (2008).

Henry (1990) conducted lab investigations using geotextiles to mitigate frost heave, and reported
that geotextiles used as capillary barrier can reduce the occurrence of frost heaves by about 60%.
Henry (1996) also reviewed previous studies employing geotextiles as capillary barriers,
reinforcement, or filters between subgrade and base layers to reduce frost damage. He concluded
that geotextiles can reduce the rate of frost heave, but the performance depends upon the
geotextile’s pore size distribution, wettability, and thickness. Geotextiles that exhibited high
capillary rise when inserted in water were found to exacerbate frost heave. Henry et al. (2005)
also conducted a demonstration project to compare several techniques including geogrid,
geotextile, geowrap, geocell, and a patented geosynthetic capillary barrier for improving freeze-
thaw performance of unpaved roads in Vermont. Field tests and monitoring over a two-year
period showed that the geogrid or geotextile between subgrade and surface course (12 in. below
the road surface) did not provide observable benefits.

Hoover et al. (1981) evaluated effects of a commonly used nonwoven-geotextile (Mirafi 140) for
improving frost heave and thaw weakening of granular surfaced roads built on frost-susceptible
silty soils in lowa. Laboratory freeze-thaw tests showed that specimens with embedded
geotextile discs had lower frost-heave rates and higher values of cohesion and friction angle than
control specimens, but lower stiffnesses. However, field tests showed that the geotextile did not
significantly influence the performance of roads with stiffer bases (i.e., granular backfill or
macadam stone), but did improve freeze-thaw durability of roads with soft subgrades.

Freeman (2006) quantitatively evaluated effects of nonwoven geotextile on dust reduction for
granular surfaced roads. Control sections were found to contain more fines than geotextile
sections, and it was concluded that the geotextile can effectively prevent fines migrating from the
subbase to the surface course. The results showed that the geotextile layer reduced dust content
by 70 to 80%.

2.5 Geocomposite Drainage Layers

Geocomposite materials are typically used as drainage layers and capillary barriers for improving
hydraulic conductivity and freeze-thaw performance of road systems. They usually consist of
two geotextile layers serving as filters, which sandwich a drainage net or geogrid that functions
as a conduit for water (Holtz et al. 2008). Several previous studies have assessed the
performance of geocomposite drainage layers for paved and unpaved roads using lab, field, and



numerical evaluations (e.g., Christopher et al. 2000, Henry and Holtz 2001, Stormont et al. 2001,
Henry et al. 2005, Bahador et al. 2013).

Christopher et al.(2000) studied geocomposite drainage layers at three different locations within
a pavement system: (1) under the asphalt concrete pavement, (2) under the base course
aggregate, and (3) within the subgrade to create a capillary break to reduce frost action. The
geocomposite drainage layer placed on or within the subgrade was found to be the quickest at
removing water during spring thaws. However, FWD tests showed that the control section had a
higher stiffness (structural number) than sections with the geocomposite, and sections with
geocomposite in the subgrade showed higher stiffness than those with geocomposite at higher
locations.

Henry and Holtz (2001) conducted a laboratory investigation of geotextile and geocomposite
drainage layers to mitigate frost heave. The test results showed that when the geotextiles were
moistened and impregnated with soil fines to simulate field conditions, they did not reduce frost
heave. A significant reduction in frost heave was observed when the overlying soil had a degree
of saturation below 75%. When the degree of saturation exceeded 80%, however, the
geocomposite permitted significant heave due to water mitigating from one geotextile layer to
the other through films adhered to the middle geonet layer. The authors therefore recommend
that “research is needed to determine the soil moisture retention characteristics of the
geocomposite. This would help identify the soil-moisture conditions that must exist to prevent
flow across the geocomposites and to study the influence of the geocomposites on frost heave
using numerical models.”

Henry et al. (2005) also conducted a field investigation on technologies for mitigating freeze-
thaw damage to unpaved roads. Field DCP test results and rutting measurements showed that a
patented Geosynthetic Capillary Barrier Drain provided the greatest benefit by keeping the upper
layers of the soil relatively dry. However, geogrid and geotextile separators placed 12 in. deep
did not produce observable benefits.

Bahador et al. (2013) evaluated numerically the effects of geocomposite drainage layers on
moisture distribution and plastic deformation of paved and unpaved road systems. They found
that the geocomposite layer can decrease plastic deformation through combined mechanistic and
hydraulic actions, but increasing the surface course thickness reduced the reinforcement effect of
the geotextile on either side of the geocomposite material.

2.6 MASW and FWD Tests

The MASW test is a nondestructive geophysical method that has also been applied for assessing
the elastic modulus of multi-layered pavement systems ( Park et al. 1999, Park et al. 2001). In
the test, an impact is applied on the ground surface and the surface wave motion is measured
using an array of geophones or accelerometers. Through an inversion procedure, the shear wave
velocity, or alternatively, the small-strain shear modulus (Gmax), can be back-calculated as a
function of depth. The MASW test is commonly assumed to measure the surface velocities of
“far-field” seismic waves at low strain levels, which is in contrast to the commonly used falling
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weight deflectometer (FWD) test that measures road surface deflections at higher strain levels
from the “near-field” deflection basin (Lytton 1989). Figure 1 shows a schematic that illustrates
the differences between the near field and far field characteristics under a load applied on the
road surface.

SURFACE WAVES

TRAVEL OVER
SURFACE WAVES A FLAT SURFACE

TRAVEL OVER A
DEFLECTED SURFACE

TENSION IN THE FAR FIELD

UPPER LAYERS

NEAR FIELD

Lytton 1989

Figure 1. Schematic of near field and far field characteristics

Lytton (1989) also discussed that if far-field measurement methods are used, they ... must first
be able to provide corrections from their high frequencies (above about 2000 Hz) and low stress
levels to the low frequencies (below about 200 Hz) and high stress levels,” because the properties
of the pavement layer materials in the near field and at higher strain levels are of interest to
pavement engineers.

Surface wave methods have traditionally been used for seismic exploration surveys to determine
soil stiffness profiles, which gradually increase with depth when considered on large length
scales. For road systems, however, the stiffness of each layer significantly decreases with depth
over the first few feet. This can creates a few challenges when applying traditional surface wave
analysis methods to pavement systems, such as numerical instability when using the transfer
matrix method to calculate theoretical dispersion curves at high frequencies, or convergence to a
local minimum when using the Levenberg-Marquardt method for inversion (Lin and Ashlock
2011). To address these issues, Lin (2014) developed several improvements to MASW methods
that can improve their use for testing pavement systems. A new phase-velocity and intercept-
time scanning (PIS) method was developed to improve the resolution and sharpness of
experimental dispersion images by minimizing side lobes and aliasing that can be generated by
conventional MASW wavefield transformation methods. A new hybrid genetic-simulated
annealing (GSA) optimization algorithm was also developed to improve surface wave inversion
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procedures by reducing the risk of becoming trapped in a local minimum, thus improving global
searching efficiency. These improved methods were used to process MASW test data for the
granular surfaced road demonstration sections in this study.

The FWD test measures pavement surface deflections, from which the elastic modulus of each
material layer can be calculated based on the applied load, surface deflection data, and assumed
layer thicknesses. Many forward- and back-calculation methods have been developed, but each
method carries its own assumptions and uncertainties (Lytton 1989). A commonly used
equivalent layer method for analyzing FWD data, the AASHTO Guide for the Design of
Pavement Structures approach (AASHTO 1993), is a quasi-static approach for calculating layer
moduli of a two layered system. This approach was proposed by Ullidtz (1987) and combines
Boussinesq theory (Boussinesq 1885) with Odemark’s method of equivalent layer thickness
(MET) assumption (Odemark 1949). Boussinesq theory is used for calculating, stresses, strains,
and deformations at a given radius and depth in a homogeneous linear elastic half-space caused
by a point load applied on the surface. Odemark’s assumption is used to convert the thickness of
the top layer to an equivalent thickness of additional subgrade material, and then match the
measured surface deflection with the calculated deflection of the equivalent single layer. By
combining these two methods, the elastic modulus of a top and bottom layer can be estimated. A
detailed derivation of the equivalent layer method is described in Section 3.2.2 of the report.
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CHAPTER 3. METHODS

This chapter consists of two parts: (1) presentation of laboratory testing methods used to
determine soil index properties, aggregate abrasion characteristics, compaction behavior, shear
strength, durability, hydraulic conductivity, chemical composition, and microstructural features
of the geomaterials, and (2) field testing methods used to measure in-situ shear strength,
stiffness, hydraulic conductivity, and temperature profiles of the granular surfaced road system.

3.1 Laboratory Tests

Laboratory tests were conducted to determine soil index properties, aggregate abrasion
characteristics, compaction behavior, shear strength, durability, and hydraulic conductivity of the
geomaterials used in this project. Procedures for these tests are described in detail below. The
chemical composition, mineralogy, and microstructural features of chemical stabilizers and
stabilized materials used in this project were also determined by laboratory x-ray analyses and
scanning electron microscopy (SEM).

3.1.1 Soil Index Properties

Particle size analyses, liquid limit tests, plastic limit tests, and soil classifications were conducted
in accordance with American Society for Testing and Materials (ASTM) standards to determine
soil index properties and classify geomaterials.

3.1.1.1 Particle Size Analysis

Particle-size analysis for geomaterials followed ASTM D 422-63(2007)e2 “Standard test method
for particle-size analysis of soils.” Representative samples of air-dried coarse grained materials
were obtained using a riffle sample splitter in accordance with ASTM D 75-13 “Standard
practice for sampling aggregates.” Particle size analysis consists of two main parts: sieve
analysis and hydrometer tests. Sieve analyses were performed on material retained on the No.
200 (75 um) sieve and hydrometer tests were used on representative specimens of material
passing the No. 10 (2.00 mm) sieve for determining proportions of silt and clay particles size
smaller than the No. 200 sieve (Note that 0.002 mm was used as the boundary between silt and
clay sizes). After completing the hydrometer test, the material was washed through the No. 200
sieve. The material retained on the No. 200 sieve was then oven dried to complete the sieve
analysis for particle sizes between the No. 10 (2.00 mm) and No. 200 sieves. The equipment
used for sieve analysis and hydrometer tests is shown in Figure 2.
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Figure 2. (a) Sieve analysis and (b) hydrometer test devices used in this study

3.1.1.2 Liquid Limit, Plastic Limit, and Plasticity Index (Atterberg Limits)

The liquid limit (LL), plastic limit (PL), and plasticity index (PI) of geomaterials passing the No.
40 (425 um) sieve were determined in accordance with ASTM D 4318-10¢1 “Standard Test
Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils.” The wet preparation
method was followed for preparing representative samples for the tests. Liquid limit tests were
performed using the multi-point liquid limit test method, and at least three points were
determined for each sample. Plastic limit tests were conducted using the hand method. Both LL
and PL were rounded to the nearest integers for calculating the P1. According to the Standard, if
either the LL or PL could not be determined, or if the PL was equal to or greater than the LL, the
material was reported as nonplastic (NP). The liquid limit device used in this study is shown in
Figure 3. A ground glass plate was used for the plastic limit test.
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Figure 3. Liquid limit test device used in this study
3.1.1.3 Soil Classification

The particle size analysis and Atterberg limits test results were used to classify materials in
accordance with ASTM D 2487-11 “Standard Practice for Classification of Soils for
Engineering Purposes (Unified Soil Classification System (USCS))” and ASTM D 3282-09
“Standard Practice for Classification of Soils and Soil-Aggregate Mixtures for Highway
Construction Purposes (AASHTO classification system).”

3.1.2 Aggregate Abrasion Characteristics

Two ASTM-standardized aggregate abrasion tests were used to evaluate the degradation
resistance of geomaterials having different maximum grain sizes. Both test methods measure
degradation of aggregate resulting from the interaction of aggregate, steel balls, and water in a
rotating cylindrical jar or drum which causes crushing, grinding, and impacts on the aggregates.
Changes in mass of the specimens measured before and after the tests were used to evaluate and
compare abrasion characteristics of geomaterials used in this project, to determine their relative
resistance to crushing, degradation and disintegration in the field.

3.1.2.1 Los Angeles Abrasion Test

Los Angeles (L.A.) abrasion tests were conducted on three types of macadam materials from the
demonstration project site, in accordance with ASTM C 535-12 “Standard test method for
resistance to degradation of large-size coarse aggregate by abrasion and impact in the Los
Angeles machine.” For each macadam type, triplicate test specimens containing particle sizes
between 1.5 and 3 in. were prepared to determine average degradation properties of the material.
The abrasion tests were conducted by the lowa DOT Central Materials Aggregates Lab, as they
possessed the necessary equipment.
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3.1.2.2 Micro-Deval Abrasion Test

Micro-Deval tests were conducted on surface course materials from the project site in
accordance with ASTM D 6928-10 “Standard test method for resistance of coarse aggregate to
degradation by abrasion in the Micro-Deval apparatus.” The surface course materials used in
Micro-Deval tests had smaller maximum particle sizes than the macadam materials used in the
LA abrasion tests. Triplicate test specimens containing particles between 3/8 and 0.75 in. were
tested to determine their abrasion resistance and durability under abrasion and grinding action of
the Micro-Deval machine (Figure 4).

Figure 4. Micro-Deval testing machine used in this study

3.1.3 Compaction Behavior

Standard Proctor compaction tests were performed to determine the relationship between water
content and dry unit weight of geomaterials according to ASTM D 698-12¢1 “Standard test
methods for laboratory compaction characteristics of soil using standard effort (12 400 ft-Ibf/ft>
(600 kN-m/m®)).” A Hobart mixer was used to prepare fine-grained geomaterials to
predetermined moisture contents (Figure 5a), and an automated mechanical rammer was used to
compact the specimens (Figure 5b).
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Figure 5. (a) Hobart mixer and (b) automated mechanical rammer used in this study

The ASTM compaction test standard specifies the mold size and methods for preparing the
specimens based on the gradation of the geomaterial. Corrections were made to the unit weight
and water content in accordance with ASTM D 4718-87(2007) “Standard Practice for
Correction of Unit Weight and Water Content for Soils Containing Oversize Particles” for
geomaterials that contained 5% by mass of oversize fraction.

3.1.4 Shear Strength

Unconfined compressive strength (UCS) and California bearing ratio (CBR) tests were
conducted to evaluate and compare the undrained shear strength properties of compacted
geomaterials.

3.1.4.1 Unconfined Compressive Strength Test

The unconfined compressive strength (UCS) of compacted untreated and chemically stabilized
soil specimens was measured in accordance with ASTM D 1633-00(2007) “Standard Test
Methods for Compressive Strength of Molded Soil-Cement Cylinders.” As specified in Method A
of the standard, a specimen diameter of 4 in. and height of 4.6 in was used. The chemically
stabilized specimens were extruded from the four inch diameter Proctor mold and wrapped with
plastic film and aluminum foil to retain moisture during curing. The specimens were cured in a
38°C (100°F) controlled temperature environment for seven days. The compression device used
in this study is shown in Figure 6.

17



—

b -

Figure 6. Unconfined compressive strength test on a fly ash-treated soil specimen

The unconfined compressive strength, o, can be calculated as:

P
O¢c = A (1)
where P is the peak vertical load and A is the cross-sectional area of the specimen.
3.1.4.2 California Bearing Ratio Test

California bearing ratio (CBR) tests were used to evaluate the undrained shear strength of
untreated and chemically stabilized subgrade and surface aggregate materials in accordance with
ASTM D 1883-07¢2 “Standard Test Method for CBR (California Bearing Ratio) of Laboratory-
Compacted Soils.” CBR specimens were prepared and compacted at their optimum moisture
content (OMC) according to ASTM D 698-12el. Both as-compacted and soaked specimens were
tested to determine how shear strength changes after soaking. The CBR test setup is shown in
Figure 7.
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Figure 7. CBR tests conducted on (a) OMC and (b) saturated specimens

The Statewide Urban Design and Specifications manual (SUDAS 2015) provides a relative
rating system to evaluate the support conditions for subbase and subgrade layers of rigid and
flexible pavement systems based on CBR (Table 2). A frost susceptibility classification system
for soils based on post-thawing CBR values is also provided in ASTM D 5918-13 “Standard
Test Methods for Frost Heave and Thaw Weakening Susceptibility of Soils” (Table 3). In this
study, both laboratory CBR test results and in situ CBR values calculated using the DCP test data
(See Section 3.2.1 of the report) will be used to rate the materials according to the criteria in

these two tables.

Table 2. Relative ratings of subbase and subgrade layers based on CBR values (SUDAS

2015)
CBR (%) Layer Rating
> 80 Subbase Excellent (E)
501to 80 Subbase Very Good (VG)
30to 50 Subbase Good (G)
<30 Subbase Below Good (<G)*
>30 Subgrade Excellent (E)?
2010 30 Subgrade Very Good (VG)
10to 20 Subgrade Fair to Good (F to G)
5t0 10 Subgrade Poor to Fair (P to F)
<5 Subgrade Very Poor (VP)

* Rating was added by authors and is not present in SUDAS table.
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Table 3. Frost susceptibility classification system (ASTM D 5918-13)

Frost-Susceptibility ~ Symbol 8-h Heave Rate CBR After
Classification (mm/day) Thaw (%)
Negligible NFS <1 >20
Very low VL 1to2 15t0 20
Low L 2to 4 10to 15
Medium M 4108 5to0 10
High H 81016 2t05
Very high VH >16 <2

3.1.5 Durability

Three durability tests, (1) vacuum saturation, (2) freezing and thawing, and (3) wetting and
drying tests, were performed to evaluate freezing-thawing and wetting and drying durability of
chemically stabilized geomaterials.

3.1.5.1 Vacuum Saturation Test

The vacuum saturation test is a rapid method to predict freeze-thaw and post-saturation
durability of chemically stabilized soil specimens (Dempsey and Thompson 1973). In this
project, the vacuum saturation test was also conducted on untreated subgrade specimens to assess
the improvement in shear strength and durability imparted by the chemical stabilizers. The
vacuum saturation test procedure consisted of the following steps:

1. Chemically stabilized specimens were removed from a curing oven and allowed to

equilibrate to room temperature for 30 minutes,

Specimens were placed on a perforated plate in a vacuum desiccation chamber,

A vacuum pressure of 28 in. of mercury was applied for at least 30 minutes,

The chamber was flooded with tap water until the specimens were submerged,

Specimens were soaked for one hour at atmospheric pressure,

Broken specimens were discarded and their post-saturation shear strengths were assumed to

be zero,

7. Unconfined compressive strength of intact specimens was measured in accordance with
ASTM D 1633-00(2007).

ok wn

Figure 8 shows the untreated Vail Avenue subgrade specimens before, during, and after the
vacuum saturation process.

20



Figure 8. Vail Avenue subgrade specimens (a) before, (b) during, and (c) after vacuum
saturation (compacted moisture contents are indicated on specimens)

3.1.5.2 Freezing and Thawing Test

The freezing and thawing test can determine mass loss, water content changes, and volume
changes of chemically stabilized soil specimens induced by repeated freezing and thawing
cycles. The testing procedures essentially followed ASTM D 560-03 “Standard test methods for
freezing and thawing compacted soil-cement mixtures,” with some slight modifications. The
Standard specified that specimens be compacted to maximum dry unit weight and optimum
moisture content. However, in this study, the cement- and fly ash-treated specimens were
compacted in the field during construction, so the moisture contents of the specimens
corresponded to the as-built field compaction moisture contents. Also, volume changes of the
specimens cannot be measured precisely, because the specimens typically do not maintain a
cylindrical geometry after repeated freeze-thaw cycles.
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3.1.5.3 Wetting and Drying Test

The wetting and drying test can determine mass loss, water content changes, and volume changes
of chemically stabilized soil specimens induced by repeated wetting and drying cycles. The
testing procedures essentially followed ASTM D 559-03 “Standard test methods for wetting and
drying compacted soil-cement mixtures,” but specimens were also prepared in the field and
volume changes of the specimens were not recorded during the tests.

3.1.6 Hydraulic Conductivity

In this project, two types of laboratory permeability tests were conducted to determine hydraulic
conductivity of the Vail Avenue geomaterials. The rigid-wall compaction mold permeameter test
was used for the subgrade material, and large-scale horizontal permeameter tests were used to
measure permeability of the surface course materials with and without an embedded
geocomposite drainage layer.

3.1.6.1 Rigid-Wall Compaction Mold Permeameter Test

The laboratory rigid-wall compaction mold permeameter test was conducted to estimate
hydraulic conductivity of the Vail Avenue subgrade material. The falling head test method was
used, following Method B of ASTM D 5856-95(2007) “Standard test method for measurement
of hydraulic conductivity of porous material using a rigid-wall, compaction-mold permeameter.’
Because the Vail Avenue subgrade has a high clay content (~29%), water channeling through the
interface between the rigid mold and soil specimen was prevented by expansion of the specimen
after saturation. Prior to the tests, specimens were saturated for 4 days under 14 psi vacuum
pressure, then soaked for 7 days without vacuum pressure. Figure 9 shows the rigid-wall
permeameter device and test setup.

’
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Figure 9. Rigid-wall compaction mold permeameter test device used in this study

3.1.6.2 Large-Scale Horizontal Permeameter Test

The large-scale horizontal permeameter test (HPT) was developed by Iowa State University’s
Center for Earthworks Engineering Research (CEER). This test was developed because most
permeability tests are conducted using vertical flow, which does not accurately represent how
water typically drains or flows through the soil horizontally in the field. The unique HPT device
was therefore designed to measure the permeability of soils under horizontal flow conditions.
The device can simulate direct horizontal flow situations under different initial hydraulic
gradients, and is large enough to effectively test multiple material layers. Representative
aggregate materials were collected from the field and compacted in the HPT soil tank with or
without a layer of geocomposite at the middle of the test specimen. The horizontal hydraulic
conductivity was measured under four different constant water heads (50, 100, 150, 200 mm).
The test data can be used to determine relationships between hydraulic conductivity and
hydraulic gradient for different materials. The HPT testing device is shown in Figure 10.
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Figure 10. (a) Photo and (b) schematic of the large-scale HPT device used in this study
3.1.7 Chemical Composition, Mineralogy, and Microstructure

X-ray fluorescence (XRF) and x—ray diffraction (XRD) analyses were performed on the
bentonite and fly ash stabilizers to determine their chemical composition and mineralogy,
respectively. From these results, the type and quality of the chemical stabilizers can also be
determined. Scanning electron microscopy (SEM) was used to analyze microstructural features
of the chemically stabilized surface course materials collected from the demonstration sections.
All of the tests were conducted by the Materials Analysis and Research Laboratory at lowa State
University.
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3.2 Field Tests

Field tests used to determine the shear strength, stiffness, and hydraulic conductivity of various
demonstration road sections are presented in the following sections.

3.2.1 Dynamic Cone Penetrometer Test

The dynamic cone penetrometer (DCP) test was performed in accordance with ASTM D 6951-
09 “Standard Test Method for Use of the Dynamic Cone Penetrometer in Shallow Pavement
Applications” for estimating shear strength of surface course and subgrade materials of the Vail
Avenue demonstration sections. The test involves driving a conical point with a diameter at the
base of 0.79 in., using a 17.6 Ib hammer dropped a distance of 22.6 in., and measuring the
penetration distance per blow, referred to as the dynamic cone penetration index (DCPI).

Figure 11. Dynamic cone penetrometer (DCP) test

The DCPI with units of inches per blow was measured for the various demonstration sections,
and used in the empirical correlations of Equations 2 through 4 to estimate the in situ CBR
values:

for CBR > 10, DCP-CBR = 292/(DCPI X 25.4)12 )
for CL soils with CBR < 10, DCP-CBR = 1/(0.432283 x DCPI)? ©)
for CH soils with CBR < 10, DCP-CBR = 1/(0.072923 x DCPI) (4)
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In this project, all of the demonstration sections were analyzed as two-layered systems consisting
of a surface course and subgrade. To calculate the average DCP-CBR of each layer, the
boundary between the two layers was identified by a sudden change in slope of the cumulative
blows versus depth profile or a sudden drop in DCP-CBR, as shown in Figure 12.
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Figure 12. Example of DCP depth profiles: (a) cumulative blows and (b) DCP-CBR

The notation DCP-CBRagc Will be used to denote the average DCP-CBR of the surface course
(aggregate) layer, and DCP-CBRsg Will represent the average DCP-CBR of the subgrade up to
the maximum depth measured. The average DCPI of each layer can be calculated using
Equations 5 and 6, then substituted into Equations 2 through 4 to obtain the average DCP-CBR
of each layer.

Cumulative blows in the surface course

DCPIAGG = (5)

Thickness of the surface course

Cumulative blows of the test—Cumulative blows in the surface course
DCPISG == (6)

Total measument depth—Thickness of the surface course
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3.2.2 Falling Weight Deflectometer (FWD) Test

Falling weight deflectometer (FWD) tests were conducted using a Kuab Model 150 2m FWD
(Figure 13) with an 11.81 in. diameter loading plate. A static seating load was applied, followed
by four weight drops with measured loads normalized to 6,000, 9,000, 12,000, and 16,000 Ib. A
load cell recorded the actual applied forces while geophones recorded deflections of the roadway
surface. A segmented loading plate was used to ensure a uniform stress distribution over the
plate (Crovetti et al. 1989).

Figure 13. Kuab falling weight deflectometer setup

To directly compare the FWD tests results from different test locations at the same applied
dynamic contact stress, deflection values at each test location were normalized to a 12,000 Ib
load using the Engineering Research International Data Analysis (ERIDA) program (ERI 2009).
Because the actual measured loads were not exactly equal to the target loads during testing,
linear adjustments were applied to the measured deflections to calculate the deflections at the
target load levels. For each test location, a single equivalent composite elastic modulus of the
granular surfaced road and subgrade system was determined from the FWD tests using
Equation 7.

(1-v%)gpA
EFWD—Composite = d—oo X f (7

where,

Erwp-composite= COMposite elastic modulus (psi)

do = measured deflection under the center of the loading plate (in.),

v = Poisson’s ratio (assumed as 0.4),

op = normalized applied peak stress (psi),

A = radius of the plate (in.), and

f = shape factor was assumed to be 2, because the segmented loading plate provides uniform
stress distribution.
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The FWD test data were also used to calculate separate elastic moduli of the surface course and
subgrade layers using the AASHTO Guide for the Design of Pavement Structures approach
(AASHTO 1993). The AASHTO approach for calculating moduli of a two-layered system is
based on the equivalent layer theory. This approach combines the Boussinesq theory (Boussinesq
1885) and Odemark’s method of equivalent layer thickness (MET) assumption (Odemark 1949).
The Boussinesq theory is used for calculating stresses, strains, and deformations at a given radius
and depth in a homogeneous linear elastic half-space, caused by a point load applied on the
surface (Equation 8). Because the FWD test applies a dynamic load on a circular plate, the
surface deflection of a homogeneous layer material underneath the loading plate is calculated by
integrating Boussinesq’s solution (Equation 9).

— (+V)Fmax _ z?
dr,z T 2nEVZZ+r2 [2(1 V) + zz+r2] (8)
1-v?2 Fmax 1
dq,, = E 2 ma] 9)

TAE [1_'_(%)2

where,

r =radius from the point load,

z = vertical depth from the point load,

d;, = vertical deflection at radius r and depth z,
v =Poisson’s ratio,

E = elastic modulus,

Fmax = maximum vertical force,

f = shape factor, and

A = radius of the loading plate.

For pavement systems, according to AASHTO (1993), deflections measured a sufficiently large
distance from the load are considered to be independent of the size of the loading plate and
caused only by subgrade deformation. Therefore, the elastic modulus of the subgrade (Erywp-sc)
can be calculated using a single deflection measurement as shown in Equation 10.

(1-v*)F,
Erwp-s¢ or E; = ﬁ (10)

To determine the elastic modulus of the surface course layer (E; or Eryp_gr), Odemark’s
assumption is first used to determine the deflection of a two layer system under an applied load
by converting the thickness of the top layer into an equivalent thickness (h. ) of additional
subgrade material by Equation 11.

h, = 1‘13\/E (11)
E;
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where,

h, = equivalent single thickness of the two-layered system
h = thickness of top layer,

E; = modulus of top layer, and

E, = converted single modulus of the two-layered system.

According to AASHTO (1993), the surface deflection should be measured at a distance greater
than the effective radius (a,) of the stress bulb at the interface of the top and bottom layers given
by Equation 12.

ac = j [A% + (0’ [2)?] (12)

However, as the measurement distance increases, the magnitude of the deflection decreases,
which may increase measurement error for calculating subgrade modulus. Based on a series of
numerical analyses, AASHTO (1993) recommended that the deflection (d, o) used for
calculating the subgrade modulus in Equation 10 be greater than or equal to 0.7a,.

Combining the Boussinesq theory and Odemark’s assumption, the total surface deflection
directly beneath the FWD loading plate caused by the deformation of both the top and bottom
layers can be calculated using Equation 13.

\
[1_\/ : l
hya
doo =“‘”2§”fo —— L (13)

BETE

By matching the calculated deflection to the measured deflection underneath the loading plate,
the elastic modulus of the surface course (Epyp—agc Or E;) can then be determined.
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3.2.3 Multi-Channel Analysis of Surface Waves (MASW) Test

The multi-channel analysis of surface waves (MASW) test was used to measure and compare
stiffness of various road sections at relatively lower strain levels compared to the FWD test.
Compared to the FWD test, a lower energy source and close receiver spacing was used to focus
the measurements on the surface aggregate layer and top few inches of subgrade. The MASW
test measures the seismic Rayleigh wave velocity as a function of frequency, from which the
shear wave velocity, or alternatively, the small-strain shear modulus (Gmax) can be determined as
a function of depth for the surface course and subgrade (Lin and Ashlock 2011, Park et al. 1999).
A triggered ball-peen hammer source was used to impact a 6 in. square by 1 in. thick aluminum
plate resting on the road surface to generate the surface waves. The vertical velocity of the
surface was measured by an array of twenty-four 4.5-Hz geophone receivers with 6 in. spacing
using a custom-built land streamer. Data was recorded using a Geometrics Geode seismograph.
The MASW test setup is shown in Figure 14. The MASW test configuration is summarized in
Table 4.

St

'.‘."‘V "..'..:-' “3‘1’.“:‘ alela L3 X ¥

Figure 14. MASW test setup with landstreamer

Table 4. Configuration used for MASW tests

Test setup parameters Values
Source-to-first-receiver offset (x1) 12 in.
Receiver spacing (dx) 6 in.
Total number of channels (N) 24
Total length of receiver spread (Xr) 115 ft

Data from the MASW tests was used to back-calculate the shear-wave velocity (Vs) profile based
on an inversion procedure that uses the measured dispersion characteristics of the surface
(Rayleigh) wave velocity (VR) as input. Figure 15 shows an example of the experimental
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dispersion image generated using the phase-velocity and intercept-time scanning (PIS) data
processing method (Lin 2014).

—

=

50 130 210 290 370 450 530 610 690
Frequency (Hz)

Figure 15. Example of experimental dispersion image from MASW test on granular
surfaced road

The peaks of the dispersion image are picked to obtain the experimental dispersion curve. Figure
16 shows the corresponding experimental dispersion curve and a matched or back-calculated
theoretical dispersion curve obtained using a new hybrid genetic-simulated annealing (GSA)
inversion procedure (Lin 2014).
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©

Target (Experimental Dispersion)
110 O Inversion

50 1 1 1 1 1 1 1 1
50 130 210 290 370 450 530 610 690

Frequency (Hz)

Figure 16. Example of experimental dispersion curve (target) and theoretical dispersion
curve from inversion procedure
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The shear wave velocity V; is directly related to the layer stiffness and can be used to calculate
the elastic modulus (Emasw) of each layer using Equations 14-16.

V, = Vg X (1.13 — 0.16v) (14)
G=VZixp (15)
Eyasw = 2(1 +v)G (16)
where,

Vr = Surface (Rayleigh) wave velocity,
v = Poisson’s ratio,

V. = Shear wave velocity

G = Shear modulus, and

Eyasw = Elastic (Young’s) modulus.

In this project, MASW tests were conducted at three to five uniformly distributed locations per
demonstration section and compared with the FWD tests. MASW tests were also conducted on
the fly ash- and cement-stabilized sections during curing (at 1, 7, 22, and 28 days) and after
thawing to monitor the stiffness changes of the sections with time.

3.2.4 Air Permeameter Test

The air permeameter test (APT) was used to measure in situ saturated hydraulic conductivity as a
function of depth for the surface course of the geocomposite drain section and a nearby control
section. For the geocomposite section, after the last APT test, a piece of geocomposite was cut to
examine whether it was damaged due to traffic loading. Figure 17 shows the APT test procedures
used for this study.
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CEEQa

Saturated hydraulic conductivity of the testing materials can be calculated using the APT test

data by Equation 17 (White et al. 2014, White et al. 2007):

_| 2w QP | og
sat rG, (Pza2 _ Patmz) Ho (1 B Se)z (1 B Sg((zu)a))

where,

Ksat = saturated hydraulic conductivity (cm/s),
Ugas = Kinematic viscosity of the gas (Pa-s),

Q = flow rate (cm®s),

P,, = absolute gas pressure on the surface (Pa),
r = radius at the outlet (cm),

Go = geometric factor determined from test layer thickness,
P, = atmospheric pressure (Pa),

p = density of water (g/cm3),

g = acceleration due to gravity (cm/s%),

Lwater = Kinematic viscosity of water,

Se = effective saturation, and

A = Brooks-Corey pore size distribution index.
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3.2.5 Ground Temperature Monitoring

To monitor the local weather conditions, ground temperature, and frost depth of a representative
section of Vail Avenue, a weather station (Figure 18a) and six thermocouples (Figure 18b) were
installed on November, 2013. The weather station (Novalynx model 110-WS-16) was installed to
recorded average ambient air temperature, relative humidity, wind speed and direction, and
precipitation at 15 minute intervals. Each of the type T thermocouples were connected to a
separate battery-powered data logger that recorded ground temperature with 0.5 7 precision at

5 minute intervals. The locations of the thermocouples are shown in Figure 18c. The top sensor
is at the boundary between the surface aggregate and subgrade, and the bottom sensor is 5 ft
below the roadway surface

Gravel

Thermocouple

Subgrade

(©)

& 2

Figure 18. (a) Weather station, (b) thermocouples and data loggers, and (c) layout of
thermocouples

Based on the ground temperature data, the number of freeze-thaw cycles was estimated at each
measurement depth by counting the number of times the temperature decreased to 31.5 7 or
lower then increased to 32.5 7" or higher. Figure 19 shows an example in which nine freeze-thaw
cycles were counted at 1 ft depth during the 2014—-2015 seasonal freeze-thaw period.
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1 Freeze-thaw cycles at 1 ft below the roadway surface = 9
50 o
m ]
o 40 - 32.5°F]
g \ /
© i
g 30 — — m"- pm—— T e —— o — — : — — T
£ 7 _\
()
= ] 31.5°F
20 ~
10-! T T T T T T T T T T T T T T T T T
2 T, T R 2 2, 2, o, R B, 2 2, %, %
> o e B S . e e, 2 e, 2, B 2
T Ty Fa, r, Sh, e Tre Sra Ths Tia in 7a e 7
4 4 7 4 G s N G R N G G G

Figure 19. Example of estimating field freeze-thaw cycles from ground temperature data
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CHAPTER 4. MATERIALS

This chapter presents the soil index properties, laboratory abrasion test results, and compaction
test results of the geomaterials used in the project. The types and sources of chemical stabilizers
and geosynthetics used are also discussed.

4.1 Geomaterials

A total of nine types of geomaterials including dirty and clean macadam stone, recycled Portland
cement concrete (RPCC) macadam, choke stone, road stone, aggregate column fill, existing
surface aggregate, subgrade, and a mixture of subgrade with existing surface aggregate
(SG+AGG) were used in the project. Table 5 summarizes the experimentally determined soil
index properties and classifications of the geomaterials.
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Table 5. Soil index properties of the nine geomaterials used in this project

Dirty Clean RPCC Choke Aggregate Existing SG+AGG
Parameter Macadam Macadam Macadam Stone Road Stone Column Fill  Aggregate Subgrade Mixture
Particle-size analysis results (ASTM D 422-03)
Gra"‘z!yf)g’”te”t 56.2 96.4 63.3 60.7 57.9 99.7 25.7 0.9 10.6
Sa”d((‘;g)”te”t 28.3 3.6 15.4 31.7 30.3 0.3 57.1 30.8 44.9
Silt content (%) 10.7 6.4 9.2 30.6 24.9
a a
Clay content 48 00 37 12 26 00 172 28.7 19.6
(%)
Dio (mm) 0.028 20.829 0.772 0.140 0.049 19.045 - - -
D3 (Mmm) 0.680 32.599 12.319 3.053 1.731 20.992 0.282 0.003 0.0096
Dgo (Mm) 14.750 42.457 26.704 9.207 9.720 23.488 2.489 0.081 0.3115
Coefficientof 57, 46 2.04 34,57 65.87 198.96 1.23 - - -
uniformity, c,
Coefficient of 1.11 1.20 7.36 7.24 6.31 0.99 - - -
curvature, C,
Atterberg limits test results (ASTM D 4318-10el)
Liquid limit (%) 43 30
N NP NP NP NP NP NP NP
Plastic limit (%) 22 14
AASHTO and USCS soil classification (ASTM D 2487-11 & D3282-09)
AASHTO A-1-b A-1-a A-1-a A-1-a A-1-a A-1-b Ala  AT6(10) A6(3)
classification
USCsS. GM GP GP GP-GM GP-GM SM GP cL sc
classification
. Poorly Poorly Poorly Poorly
USCS group Silty Poorly graded graded graded . graded Sandy Claye_y
gravel graded . . Silty sand . sand with
name : gravel gravel with  gravel with gravel with  lean clay
with sand gravel : - - gravel
with sand  silt and sand  silt and sand sand

# Percentage shown includes both silt and clay content.



The following sections consist of scaled photographs of the geomaterials, grain-size distribution
curves, Proctor compaction curves, and laboratory abrasion test results.

4.1.1 Choke Stone, Road Stone, Existing Surface Aggregate, and Clean Aggregate Fill

Representative samples of the existing surface aggregate were collected from the Vail Avenue in
August, 2013. One-inch road stone, 0.75 in. choke stone, and clean aggregate column fill
materials were obtained from the Martin Marietta Aggregates Alden Quarry, which is
approximately 26 miles from the Vail Avenue project site. Figure 20 shows these four material

types.

i 4 ; ; ; 8 9
Figure 20. (a) Air-dried existing surface aggregate, (b) 1 in. road stone, (c) 0.75 in. choke
stone, and (d) clean aggregate-column fill

Particle size analysis and Atterberg limits tests were conducted on the four types of aggregates to
determine the material index properties. Particle size distribution curves of the four materials are
shown in Figure 21. The gradation of the 1 in. road stone met the lowa DOT specifications for
Class A granular surfacing material (Gradation No.11 of the aggregate gradation table of lowa
DOT 2012). The gradation of the 0.75 in. choke stone met the lowa DOT specifications for
crushed stone base materials (Section 4122.02 of lowa DOT 2012), which require 100% passing
3/4 in. or 1 in. and between 6% and 16% fines passing the #200 sieve.
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Figure 21. Particle size distribution curves of the four aggregate materials

The moisture-density relationships, optimum moisture contents, and maximum dry unit weights
of the existing surface aggregate were determined using standard Proctor compaction tests with
6 in. diameter molds in accordance ASTM D 698-12el. The bulking moisture content was
determined to be 2.2% for this material, which corresponds to the lowest dry unit weight of the
compaction curve. The optimum moisture content of the existing surface aggregate is
approximately 6.2%, and the corresponding maximum dry unit weight is 140.8 pcf (Figure 22).

150
® Existing Aggregate (6 in. STD Proctor)
145 A G, = 2.75 (assumed)
ZAV, S = 100%
Yamax = 140.8 pcf
140

135

130

Dry Unit Weight (pcf)

125 4 Bulking Moisture
content = 2.2%

120

0 1 2 3 4 5 6 7 8 9 10 11 12
Moisture Content (%)

Figure 22. Proctor compaction curve for existing surface aggregate
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The abrasion loss of the choke stone and road stone were determined using Micro-Deval tests in
accordance with ASTM D 6928-10. Three specimens were tested for each material to determine
the average abrasion resistance and durability under abrasion and grinding induced by the Micro-
Deval testing machine. The initial gradations and mass of each test specimen are provided in
Table 6.

Table 6. Initial gradations and masses of Micro-Deval test specimens

Material Material Material

Material Sl\pl)sfrllrgsp between 3/4 in. between 5/8 in.  between 1/2 in. Tota(lgl)\/lass
and5/8in.(g) and1/2in.(g) and3/8in.(g)

0.75in. 1 375.1 374.9 750.1 1500.1
choke 2 375.9 375.6 750.1 1501.6
stone 3 374.7 375.1 749.7 1499.5
1in. road 1 374.5 375.4 750.8 1500.7
stone 2 375.5 375.8 749.7 1501.0
3 375.0 374.8 750.2 1500.0

The Micro-Deval test results are summarized in Table 7. The average abrasion losses of both
choke stone and road stone were below 30%. These materials therefore met the lowa DOT
specifications, which require that the abrasion loss for granular surfacing materials and choke
stone should be less than 45%. However, lowa DOT specifications state that the abrasion loss
should be measured using Los Angeles (L.A.) abrasion tests.

Table 7. Laboratory Micro-Deval abrasion test results for choke stone and road stone

Material Sample Abrasion  Average Abrasion

Type Number  Loss (%) Loss (%)
: 1 20.9
ch?)llzs sltr(;ne 2 252 22.4
3 21.2
. 1 28.1
Lin. road 2 26.3 27.8
3 28.9

Figure 23 shows pictures of choke stone and road stone before and after the Micro-Deval tests.
The particle shapes of both these materials were changed from angular to rounded during the
abrasion tests.
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Figure 23. Samples of road stone (a) before and (b) after Micro-Deval tests, and
choke stone (c) before and (d) after Micro-Deval tests

4.1.2 Dirty, Clean, and RPCC Macadam Materials

The dirty and clean macadam used as base materials for several demonstration sections were
obtained from the Martin Marietta Aggregates Alden Quarry. The recycled Portland cement
concrete (RPCC) macadam material was obtained from a concrete recycle pile owned by the
Hamilton County Secondary Roads Department. The recycle pile has mixed sources, including
recycled pavements, demolitions, and leftover materials from ready-mix concrete trucks. Figure
24 shows scaled photographs of samples of the three types of macadam materials used.

41



Figure 24. Air-dried samples of (a) dirty, (b) clean, and (c) RPCC macadam materials

The particle size distribution curves of three materials are shown in Figure 25.

Gravel Sand Silt + Clay
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Figure 25. Particle size distribution curves of the three macadam types

A hydrometer test was performed on the dirty macadam stone to determine percentage of silt and
clay size particles. lowa DOT specifications state that the nominal maximum size of macadam
stone should be 3 in., and the materials should be screened over a 3/4 in. or 1 in sieve (Section
4122.02 of lowa DOT 2012). However, of the materials shown in Figure 4, only the clean
macadam met this specification. The dirty macadam contained 67% passing the 3/4 in. sieve and
21.7% fines, while the RPCC had a maximum size of 5 in. with 40% passing the 3/4 in. sieve
and 3.7% fines.
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Laboratory L.A. abrasion tests were also conducted on the three macadam stone samples by the
lowa DOT Central Materials Aggregates Lab, in accordance with ASTM C 535-12. Three
specimens were tested for each material to determine the average degradation of aggregates
under impact-crushing effects induced by steel spheres in the L.A. abrasion machine. Table 8
shows the gradation and mass of the specimens used.

Table 8. Initial gradations and masses of L.A. abrasion test specimens

Material Material Material

Material Sample between 3in. between 2.5in. between 2 in. Total Mass
# and 2.5in. (g) and 2in. (g) and 1.5in. (g) ©)

Dirty 1 2507.9 2546.3 5028.3 10082.5
Macadam 2 2541.8 2548.0 4993.9 10083.7
3 2509.8 2531.2 4986.7 10027.7
| 1 2545.1 2537.3 5035.4 10117.8
Mgczggm 2 2505.1 2509.4 5043.7 10058.2
3 2498.3 2512.2 4999.3 10009.8
1 2496.0 2495.1 5017.4 10008.5
Mii;gm 2 2503.8 2497.4 5039.1 10040.3
3 2499.1 2487.9 5035.4 10022.4

The L.A. abrasion test results are summarized in Table 9.

Table 9. L.A. abrasion test results for the three macadam types

Material Sample Abrasion Average Abrasion

Type Number Loss (%) Loss (%)
. 1 40.01
M;‘;&ﬁm 2 37.23 38.5
3 38.17
| 1 34.15
Mgczggm 2 34.55 34.8
3 35.61
1 48.29
M':Eacdgm 2 48.12 48.0
3 47.64

The average abrasion loss of the RPCC macadam was higher than those of the dirty and clean
macadam. The average abrasion losses of all three macadam types were below 50%, which is the
upper limit specified by lowa DOT for macadam stone (Table 4122.03-1 of lowa DOT 2012).

43



Figure 26 shows dirty, clean, and RPCC macadam specimens after the L.A. abrasion tests.
Degradation of the RPCC macadam specimen was more severe than the clean and dirty
macadam specimens.

Figure 26. Dirty, clean, and RPCC macadam specimens after L.A. abrasion tests
4.1.3 Subgrade and Mixture of Subgrade with Existing Surface Aggregate (SG+AGG)

Representative samples of the subgrade and existing surface aggregate materials were collected
from Vail Avenue. In this project, the subgrade (SG) was also mixed with the existing surface
aggregate (AGG) for construction of the cement- and fly ash-stabilized sections. The SG+AGG
mixture consisted of 63% SG (5 in.) and 37% AGG (3 in.) by volume. Figure 27 shows the two
types of materials.

7o 1 2 3 4 5 6 7 8 9 10,
‘(a) »
6 . - 6
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| <+—>
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3| 3
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0 ; 0
0 1 2 3 4 5 6 2 8 9 10

Figure 27. (a) Existing subgrade with 9.0% moisture content and (b) SG+AGG mixture
with 1.0% moisture content
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Table 5 summarizes the soil index properties of the subgrade. Hydrometer test were performed to
determine the silt and clay content of the subgrade and SG+AGG mixture. The particle size
distribution curves of the two materials are shown in Figure 28. The subgrade material contains
29% clay and 31% silt. The clay and silt contents of the SG+AGG mixture were 19.6% and
24.9%, respectively.
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Figure 28. Particle size distribution curves of existing subgrade, surface aggregate, and
subgrade-aggregate mixture

The moisture density relationships, optimum moisture contents, and maximum dry unit weights
of the subgrade and SG+AGG mixture were determined using standard Proctor compaction tests
in accordance ASTM D 698-12el (Figure 29). Bell-shaped compaction curves were found for
both material types. The optimum moisture content of the subgrade is about 22.4%, and the
maximum dry unit weight is 98.7 pcf. For the SG+AGG mixture, the optimum moisture content
is 14.4%, and the maximum dry unit weight is 116.9 pcf.
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Figure 29. Proctor compaction curves for subgrade and subgrade-aggregate mixture.
4.2 Chemical Stabilizers

Type /11 Portland cement, self-cementing fly ash, and bentonite were used to improve
performance and durability of the surface course materials in three of the demonstration sections
of the Vail Avenue project. All chemical stabilizers were purchased and applied by Manatts, Inc.
The sources of the three chemical stabilizers are provided in Table 10.

Table 10. Sources of chemical stabilizers used in this study

Chemical Stabilizer Type Manufacturer Source
Type I/l cement Lafarge North America, Inc. Buffalo, lowa
Class C fly ash Headwaters Resources, Inc. Council Bluffs, lowa
Bentonite American Colloid Company Colony East, Wyoming

Based on the product datasheets provided by the manufactures (Appendix A), the self-cementing
fly ash is classified as class C per ASTM D 618-12a. Both the fly ash and type I/l cement were
found to comply with the applicable lowa DOT specification requirements. For demonstration
Section 17, 6% cement by dry mass was mixed with 8 inches of the in situ SG+AGG material in
the field. For Section 16, 15% class C fly ash (ASTM C 618-12a) was mixed with 8 inches of the
in situ SG+AGG material. For Sections 1B, 3, and 15, bentonite was mixed with the top 5 in. of
the surface course.
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According to White et al. (2005a), the fly ash set time can significantly influence the compaction
behavior and strength gain of the soil-fly ash mixture. White et al. (2005a) also found that class
C fly ash is a highly variable material, with significant variation in set time between different fly
ash sources. Representative fly ash samples were collected during construction of the
demonstration sections and their set time was measured using the method of White et al. (2005a).
Specimens were mixed to 27.5% moisture content in a shallow dish, and a pocket penetrometer
was used to measure penetration resistance versus time as shown in Figure 30.

Figure 30. Fly ash set-time test

The measurement range of the pocket penetrometer was 4.5 tsf, so the final set time was
recorded when the penetration resistance reached 4.5 tsf. Three replicate tests were conducted on
representative fly ash specimens collected during construction of Section 16. The average initial
and final set times were 5 and 9 minutes, respectively (Figure 31), which are quick relative to
class C fly ash specimens from 13 different lowa generation stations tested by White et al.
(2005a).
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Figure 31. Set time of fly ash used for construction of Section 16

Based on the set-time test results, a compaction delay time of less than 5 minutes is
recommended for construction, and the delay time should not exceed 10 minutes.

The chemical composition and mineralogy of the chemical stabilizers were determined using x—
ray fluorescence (XRF) and x—ray diffraction (XRD) analyses, respectively. The chemical
composition of the fly ash used for Section 16 met the requirements for Class C fly ash designated
in ASTM C618-12a (2012), and the sulfur content (SO3) was about 1.5% (Table 11).
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Table 11. Chemical composition of fly ash for Section 16 compared to typical lowa self-
cementing fly ash (Barnes 1997), 13 lowa self-cementing fly ash samples from seven
sources (White et al. 2005a), and ASTM C618 requirements for Class C fly ash

Chemical Fly As_h Typical_ lowa Self- Iowa Self- ASTM C618
Composition for Section Cementing Fly Ash Cem.entlng Fly Ash  for Class C Fly
16 (Barnes 1997) (White et al. 2005a) Ash
SiO; 38.08 20-40 26.10-37.78 -
Al,O3 21.42 10-30 16.15-21.22 -
Fe,O3 4.96 3-10 4.92-8.74 -

Sum of Oxides 64.46 — 50.98-63.52 50 min.
SO; 1.50 1-8 1.71-3.48 5 max.
Ca0O 23.04 10-32 22.23-28.47 -

MgO 4.30 0.5-8 4.08-5.93 -
Na,O 1.57 0.5-6 1.51-3.42 -
K.0 0.56 0.5-4 0.30-0.63 -
P,0s5 0.90 — 1.04-1.63 -
TiO, 1.56 0.5-2 1.36-1.65 -
SrO 0.37 — 0.30-0.46 -
BaO 0.61 - 0.64-0.83 -
Total 98.87 — — -
LOI 0.71 0-3 0.36-9.20 6 max.
Bulk Moisture 0.05 — 0.12-0.46 3 max.

According to White et al. (2005a), sulfur contents greater than 5% may cause formation of
ettringite in soil-fly ash mixtures, which can cause long-term volume expansion and reduce
strength and durability. The fly ash used in this study had a similar chemical composition to the
typical lowa self-cementing fly ash reported in Barnes (1997), but had higher SiO; and Al,O3
and lower SO3 contents than the fly ash reported in White et al. (2005a). The quick set time
measured for the fly ash of Section 16 may be due to the high Al,O3 and low SO3 contents,
because the initial formation of cementitious reaction is due to hydration of tricalcium aluminate
(CazAl,0g), while sulfates tend to retard the initial setting of fly ash.

The XRD results showed that the primary minerals in the fly ash are quartz (SiO,), tricalcium
aluminate (CazAl,Og), anhydrite (CaS0O,), and lime (Ca0), which are common minerals in self-
cementing fly ash (Figure 32).

49



Fly ash powder, GH#2, 0.15DS

3000

. 2000

Intensity(Counts

1000

5004

00-033-1161> Quartz - Si0;

|
00-038-142%> CazAkOs - Calcium Aluminum Oxide

00-037-1498> Anhydrite - CaS0y

00-037-1497> Lime - Cal

004-0829> Periclase - Mg

00-015-0776= Mullte - ALSi03

00-035-0755> Gehlenite - CazALSIOr

" T T T T 2‘0 T T T T 3.D E-IU y T T T 6.D T T T y 70

e
Two-Theta (deg)

Figure 32. XRD results for fly ash of Section 16

White et al. (2005) also explained that “tricalcium aluminate is important because it contributes
to initial hardening when hydrated. The free lime also contributes to the formation of
cementitious reaction products in combination with silicon and aluminum in the fly ash and clay
minerals. Anhydrite is a precursor to ettringite formation.” However, the ettringite could be
minimal due to low sulfur content of the fly ash material as shown in Table 11.

The XRD results showed that the bentonite used in this project was sodium montmorillonite
(Nap 3(Al,MQ),Si4019(OH),-4H,0) with calcite (CaCOg3) and quartz (SiO,) (Figure 33). The XRF
results showed that the main chemical components of the bentonite were SiO; and Al,O5 (Table
12).

50



Bentonite, GH#2, 0.15D5

3500

3000

ha
n
S
=

ha
=3
a
=

Intensity{Counts)

o
S
=

1000

500

00-028-1488> Montmorillonite-15A, - Nag 3(ALMg}z5i040(0H)z-4H,0

00-005-0588> Calcite - CaCO3

00-033-1161= Quartz - Si0z

\
10 20 30 40 50 60
Two-Theta (deg)

Figure 33. XRD results for bentonite of Section 15

Table 12. Chemical composition of bentonite used for Sections 1B, 4, and 15

Chemical
. Percent
Composition

SiO, 58.77
Al,O3 20.66
Fe, O3 3.81
Sum of Oxides  83.24
SO3 0.86
CaO 2.42
MgO 3.61
Na,O 2.45
K,O 0.62
P,Os 0.08
TiO, 0.18
SrO 0.03
BaO 0.02
Total 93.50
LOlI 6.15

Bulk Moisture 7.60
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4.3 Geosynthetics

Non-woven geotextile, biaxial geogrid, and three different types of geocomposite materials were
used to provide separation, planar subsurface drainage, or reinforcement for the surface course
and subgrade of several demonstration sections of the Vail Avenue project. The sources and
mechanical properties of the geosynthetics are presented in the following sections.

4.3.1 Non-woven Geotextile

Mirafi 160N non-woven geotextile (NW-geotextile) was purchased from the Northern lowa
Construction Products Inc. The material is composed of polypropylene fibers and can be used to
provide planar subsurface drainage and separate soil layers. The properties of the NW-geotextile
meet the AASHTO specification for Class Il geotextile for elongation greater than 50%
(AASHTO M288-06). Also, the material meets the lowa DOT specifications for engineering
fabrics used for subsurface drainage (Section 4916 of lowa DOT 2012). A full product datasheet
is provided in Appendix A.

4.3.2 Biaxial Geogrid

Mirafi BXG110 biaxial geogrid was obtained from Northern lowa Construction Products Inc. to
provide reinforcement for both the surface course and subgrade material. The BX geogrid is
composed of polypropylene resin with rectangular-shaped aperture openings with a size of 1 in.
According to the FHWA geosynthetic manual (Holtz et al. 2008), the aperture size of a BX-
geogrid should be greater than Dsg but smaller than 2 times Dgs of the aggregate above the
geogrid. As shown in Table 13, these criteria were met for the 1 in. road stone, but not for the
existing surface aggregate. A detailed product datasheet for this geogrid is also provided in
Appendix A.

Table 13. Dsp and 2 times Dgs of existing surface aggregate and 1 in. road stone

Parameters Existing Surface 1in. Road
Aggregate Stone
Dso, in. 0.054 0.273
2xDgs, In. 0.702 1.368
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4.3.3 Macdrain Geocomposite

Two types of Macdrain (MD) geocomposite planar drainage materials (W1051 and W1091) were
donated by Maccaferri’s parent company in Italy. The materials are designed to provide three-
dimensional subsurface drainage, soil separation, and filtration. They consist of two layers of
non-woven geotextile surrounding a flexible core made of synthetic polymers. Figure 34a shows
the W1051 geocomposite with the upper layer of non-woven geotextile peeled back. Compared
to W1051, the W1091 product has a heavier flexible core and a higher compressive strength.
Both of the materials meet the lowa DOT specifications for engineering fabrics for subsurface
drainage (Section 4916 of lowa DOT 2012). Detailed product datasheets for these materials are
provided in Appendix A.

Figure 34. Macdrain W1051 geocomposite material: (a) top view and (b) side view
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4.3.4 Roadrain Geocomposite

Roadrain geocomposite drainage material (RD-5) from Tensar International was used as a lining
for half of the aggregate columns to improve drainage and prevent contamination of the clean
aggregate fill by subgrade material. The geocomposite consists of two layers of non-woven
geotextile and a geonet core made of synthetic polymers. Figure 35a shows a sample of the RD-5
geocomposite material with the upper layer peeled back to expose the core. The product
datasheet is attached in Appendix A.

Figure 35. Tensar Roadrain RD-5 geocomposite: (a) top view and (b) side view
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CHAPTER 5. CONSTRUCTION METHODS

The construction procedures, equipment, and dates for the various sections of the demonstration
project are detailed in the following sections. A two-mile stretch of Vail Avenue between 330th
and 310th streets was divided into a total of twenty-two demonstration sections, including five
untreated control sections (Figure 36). Several of the most promising stabilization and
construction technologies identified in the previous IHRB project “Low Cost Rural Surface
Alternatives” (IHRB 10-05) were selected by the research team in consultation with the project
technical advisory committee (TAC) for use in the present project. Construction of the
demonstration sections was performed by the Hamilton County secondary roads department,
with the exception of the chemical stabilization Sections 15-17 (bentonite, cement, and fly ash)
and bentonite mixing for Sections 1B and 4, which were constructed by Manatts, Inc.

5.1 Macadam Stone Base: Sections 1 through 8

The first mile of Vail Avenue between 330th and 320th street was constructed using the three
macadam types described in Chapter 4 as base layers. The macadam stone in this project was not
bound with tar or bitumen. Various combinations of macadam stone base layers, a nonwoven
geotextile interlayer, bentonite, and a calcium chloride surface treatment were used, giving a
total of eight different section designs in the first mile, along with a ninth control section. The
dirty macadam stone base was used for the first 2,985 ft of roadway (Sections 1-4), followed by
1,000 ft of clean macadam stone base (Sections 5 and 6), 975 ft of RPCC macadam base
materials (Sections 7 and 8), and a 332 ft control section (Section 9).

The construction procedures and equipment used for these macadam base sections are shown in
Figure 37. The macadam materials were placed in one lift on top of the existing road surface
using a Jersey Spreader (Caterpillar 102) and compacted by a smooth drum vibratory roller
compactor (Bomag BW211-D40) as shown in Figure 37a. The thickness of the macadam base
layer was approximately 6 in. after compaction. For Sections 3, 4, 5, and 8, the non-woven
geotextile was placed on top of the macadam base layer to provide planar subsurface drainage
and maintain separation between the macadam and choke stone layers (Figure 37b). The average
thickness the choke stone layers in each section varied between 2 and 3 in. (Figure 37c). Above
the choke stone layer, a road stone layer approximately 2 to 3 in. thick was built as a surface
course for these sections. During construction, where the aggregate materials were very dry, a
water truck was used to increase the water content and reach a greater degree of compaction.
After compaction of the surface course, the road was shaped to a 4% crown using a motor grader
(Caterpillar 12M2) as shown in Figure 37d. The construction speed for the macadam base
sections depended highly on the availability of trucks for hauling materials from the quarry,
which is 26 miles from the project site. For future projects, access to a quarry closer to the
construction site can potentially provide significant savings on construction costs.
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Figure 37. Construction procedures and equipment for Sections 1-8 with macadam base
courses: (a) placing macadam with Jersey spreader, (b) non-woven geotextile interlayer,
(c) spreading choke stone with Jersey spreader, and (d) shaping with motor grader

Typical cross-sections of the base and surface course of Sections 1-9 between 330th and 320th
Streets are shown in Figure 38. For Section 2, liquid calcium chloride was sprayed on the road
surface by a local resident for dust control purposes in summer 2014. Construction of the first
mile (Sections 1 through 8) was completed in 9 days, September 5 to 19, 2013 except for the
bentonite for Sections 1B and 4, which were mixed by Manatts, Inc. September 20, 2014.
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Figure 38. Cross-sectional profiles with nominal thicknesses for Sections 1A through 9

5.2 Aggregate Column Drains: Sections 12 and 13

The first 280 ft of the second mile was used as control (Section 10 in Figure 36). Two drainage
tiles ran beneath the roadway from west to east as shown in Figure 1, with the first tile slightly
skewed and the second perpendicular to the road alignment. Since frost boils were often
observed to occur near these tile crossings, aggregate column drains were installed on one side of
each tile crossing (Sections 12 and 13), with the other sides used as controls (Sections 11 and
14). This allowed the effectiveness of the aggregate columns next to the drainage tiles as well as
in general cross sections away from the tile crossings to be assessed for mitigating freeze-thaw
damage. In Section 12, the bottom 48 in. of the aggregate column drains were lined around the
perimeter with the Tensar Roadrain™ RD-5 geocomposite detailed in Chapter 4. This was done
to study whether use of the geocomposite offers a measurable performance advantage by
preventing contamination of the clean aggregate fill by the subgrade soil and thus improving

drainage.

The construction procedures, equipment, and layout of the aggregate column drains are shown in
Figure 39. Construction equipment and labor for installing the columns was provided by the
Greene County Engineer’s Office. Holes for the aggregate columns were drilled to a depth of 6 ft
using a Bobcat skid-steer loader with an 8 in. auger (Figure 39a). The RD-5 geocomposite
material lining the bottom 48 in. of the columns in Section 12 are shown in Figure 39b. For
comparison, no geocomposite linings were installed in the aggregate columns in Section 13.
Clean aggregate was backfilled in the augured holes using a dump truck (Figure 39c). The
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aggregate column layout is shown in Figure 39d, with approximately 1 column per 25 square
yards of surface area. Both sections were constructed September 26, 2013, requiring seven hours
labor for installation of a total of 83 columns (41 columns in Section 12 and 42 in Section 13).

Figure 39. Construction procedures and equipment for aggregate columns in Sections 12
and 13: (a) drilling columns, (b) placing geocomposite lining, (c) filling with clean
aggregate, and (d) column layout pattern

5.3 Chemical Stabilization: Sections 15 through 17

The bentonite-, fly ash-, and cement-stabilized sections were constructed by Manatts, Inc. using
a full-depth reclamation (FDR) machine September 30 (Sections 15 and 17) and October 2, 2014
(Section 16). For Section 15, 5% bentonite by dry mass was mixed with the top 5 in. of surface
aggregate. For Sections 16 and 17, 15% by dry mass class C fly ash and 6% type I/l cement
were mixed with the nominal 3 in. thick existing surface course and 5 in. of the subgrade
material. The chemical stabilizers were first spread on the existing road surface using a powder
truck (Figure 40a), then a full depth reclaimer (Wirtgen WR-2500S) connected to a water truck
was used to mill the chemical stabilizers to the specified depth and water content (Figure 40b).
The field moisture contents of the mixtures were close to the optimum moisture contents
determined by laboratory standard Proctor tests. A vibratory pad-foot roller (HAMM 3412P)
following the FDR machine (Figure 40c) was used to compact the mixtures immediately after
milling to reduce compaction delay time, because the chemical stabilizers can setup quickly
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(under 30 minutes) which would adversely affect final performance. After compaction of the fly
ash and cement sections, the road surface was covered by a nominal 1 in.-thick layer of road
stone to prevent wearing and retain moisture during curing of the chemically stabilized material

(Figure 40d).

Figure 40. Construction procedures and equipment for chemically stabilized Sections 15,
16, and 17: (a) powder truck for spreading bentonite, fly ash, and cement, (b) full depth
reclaimer connected to water truck milling chemical stabilizers to the specified depth and
water content, (c) vibratory pad-foot roller following the full depth reclaimer, and (d) 1 in.-
thick road-stone wearing surface

Typical cross-sectional profiles of the chemical stabilization sections are shown in Figure 41. For
future chemical stabilization projects, the forecasted wind speed should be carefully considered
when selecting the construction date and time, because a portion of the chemical stabilizers can
be easily blown from the road surface prior to mixing and compaction.
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Figure 41. Typical surface course cross-sectional profiles of chemically-stabilized Sections
15, 16, and 17

5.4 Geosynthetic Interlayers: Sections 18, 19A, and 19B

Three types of geosynthetic materials were placed between the subgrade and surface course to
provide subsurface drainage, separation, and reinforcement for three demonstration sections.
Sections 19A and 19B were constructed October 1 and 2, 2013, and Section 18 was constructed
June 5 and 6, 2014. Construction procedures for the three sections were the same (Figure 42).
First, the existing surface course material was removed using a Caterpillar motor grader (Figure
42a). The Macdrain (MD) W1051 and W1091 geocomposite, non-woven geotextile with biaxial
(BX) geogrid, and the BX geogrid alone were installed for Sections 18, 19A, and 19B,
respectively (Figure 42b, 42c, and 42d). For the geocomposite Section 18, the W1091 material
was installed for approximately 450 ft starting at the south end, and the W1051 was installed for
the remaining 150 ft. After laying down the geocomposite in Section 18, an earth mover was
used to replace the surface course material (Figure 42c¢) because a motor grader could easily roll-
up and damage the geocomposite. A motor grader was used to replace the surface course in
Sections 19A and 19B. The surface courses of the three sections were approximately 8 in. thick
after compaction by a rubber-tire compactor (Figure 42f) and shaping by a motor grader. Typical
cross-section profiles of the geosynthetically stabilized sections are shown in Figure 43.
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Figure 42. Construction procedures and equipment for geosynthetically stabilized sections:
(a) removal of existing surface, (b) geocomposite in Section 18, (c) replacement of surface
course by earth mover for geocomposite Section 18, (d) BX geogrid in Section 19B on left

with added non-woven geotextile in Section 19A on right, (e) replacement of surface course
by motor grader for Sections 19A and 19B, and (f) compaction by rubber-tire compactor
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Figure 43. Typical surface course cross-sectional profiles of geosynthetically stabilized
Sections 18, 19A, and 19B

5.5 QC/QA Methods

Quality control and quality assurance (QC/QA) for construction of the demonstration sections
primarily consisted of visual observations and experience of the construction crew and county
engineer.

For the macadam sections, the thickness of each layer before compaction was controlled by the
Jersey spreader set at fixed heights determined from several trials of placement and compaction.
An average of six to eight vibratory roller compactor passes were conducted on each layer. The
moisture contents of the macadam materials were not adjusted, but the moisture contents of the
choke stone and road stone were increased using a water truck when the materials were observed
to be very dry (i.e., fine particles were seen blowing from the road surface). However, to avoid
compacting the granular materials at their bulking moisture contents, which can significantly
decrease compatibility of the materials, high compaction moisture contents are recommended.
The road surface crown was shaped by the motor grader with the moldboard board set at a 4%
angle.

For each of the chemical stabilization sections, the average thickness of the existing surface
course was measured before construction. If the existing surface course was thinner than the
design thicknesses, virgin 1 in. road stone was added. During construction, the mixing depths
were controlled by the FDR machine set at the specified depths. For the fly ash and cement
stabilization sections, the target compaction moisture contents were determined by laboratory
mix design tests. The target moisture contents were found to be close to the optimum moisture
contents determined by standard Proctor tests. The hand-feel for the materials at their target
moisture contents were then described to the construction crew. During mixing, a construction
supervisor followed the FDR to check the moisture contents of the mixed materials at 20 ft
intervals, and moisture content was adjusted if necessary. Another critical factor that can
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significantly influence the performance of fly ash- and cement-stabilized materials is the
compaction delay time. In this project, the compactor followed the FDR, and the compaction
delay time was controlled to be less than 5 minutes after mixing.

For the geosynthetically stabilized sections, the existing surface course was removed to expose
the subgrade. The geosynthetic was then laid down by a crew of 5 as shown in Figure 42b. If the
geosynthetic tended to roll up during replacement of the surface course, the rolled-up portions
were cut to maintain contact between the geosynthetic and subgrade. To meet the design
thickness of surface course layers, the amount of additional virgin materials needed was
calculated assuming that the virgin aggregate could be placed at 95% Proctor density. An
average of six to eight passes was made using a rubber tire compactor on the surface course
materials. For the geocomposite and NW-geotextile sections, however, a vibratory roller
compactor is recommended. The roadway surfaces of the geosynthetically stabilized sections
were shaped using the same equipment and procedures used for the macadam sections.
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CHAPTER 6. RESULTS AND DISCUSSION
This chapter consists of the following parts:

Results of field and laboratory tests on the existing roadway materials prior to stabilization
Laboratory mix-design test results for the chemically stabilized sections

Laboratory permeameter test results for the geocomposite drain section

As-constructed performance data for all stabilized demonstration sections prior to a
freeze/thaw cycle

Post-thawing performance and durability data for all sections

Economic analysis including construction and maintenance costs of the various
demonstration sections

el Nl =

oo

6.1 Pre-Construction Conditions of Existing Roadway

Field and lab tests were conducted to evaluate the in situ support conditions and materials
present at the project site. Dynamic cone penetrometer (DCP) and falling weight deflectometer
(FWD) tests were conducted to measure the penetration resistance profiles and elastic modulus
values of the existing roadway. Laboratory California bearing ratio (CBR) and unconfined
compressive strength (UCS) tests were also performed to determine and compare strength
parameter values of the materials.

6.1.1 DCP and FWD Tests

The initial DCP and FWD tests were performed on August 7, 2013 within three representative
sections (Sections 10, 18 and 19 — See Figure 36). For each section, three DCP tests were
performed to determine nominal thickness of the surface aggregate layer and estimate the in situ
CBR of the aggregate layer and underlying subgrade to a depth of about 36 inches. Figure 44
shows DCP test results. The thickness of the surface aggregate layer ranged from 3.7 to 6.3 in.
based on interpretation of the cumulative blows plot and DCP-CBR versus depth profiles. DCP-
CBR values were above 100% within the surface aggregate layer and decreased with depth in the
subgrade.

The average thickness and DCP-CBR values for the surface aggregate layer (DCP-CBRagg) and
subgrade (DCP-CBRsg) are summarized in Table 14. The overall average thickness of the
surface course of the three sections was 4.8 in., and the overall average values of DCP-CBRags
and DCP-CBRsg were 161% and 12.5%, respectively. Support ratings based on SUDAS (2015)
are also provided in Table 14 for the aggregate and subgrade layers. Field observations during
the in-situ testing included that test sections were relatively dry and stable with no significant
rutting issues.
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Figure 44. Pre-construction DCP test results for the three representative road sections
(Sections 10, 18, and 19): (a) cumulative blows, (b) DCPI, and (c) DCP-CBR versus depth
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Table 14. Summary of preconstruction DCP test results

Testing Point Thickness of
(Distance from South End of ~ Surface Course [()(;:) l;/%iiggg A\E%/Og)/cgagr?glise
Each Section) (in.)
Section 10 (150ft) 3.7 130.3/E 7.7/P-F
Section 10 (225ft) 5.7 146.0/E 9.3/P-F
Section 10 (300ft) 3.7 26.4 / <G 3.4/VP
Section 18 (130ft) 4.5 1450/ E 11.3/F-G
Section 18 (310ft) 54 239.3/E 115/F-G
Section 18 (400ft) 4.3 26.6 /<G 114/ F-G
Section 19 (130ft) 6.3 2920/E 20.5/VG
Section 19 (220ft) 4.9 1164/ E 11.7/ F-G
Section 19 (460ft) 4.8 3241/ E 25.6/ VG
Overall average 4.8 160.7/ E 125/ F-G
(Coefficient of Variation) (17.2%) (62.1%) (50.5%)

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good,
<G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to
Good, P—F=Poor to Fair, VP=Very Poor

FWOD tests were performed to determine the composite elastic modulus (Erwp-composite) and layer
modulus values of the surface aggregate layer (Erwp-acs) and subgrade (Erwp-sc). Layer
modulus values were calculated in accordance AASHTO (1993) as described in Section 3.2.2 of
the report. The FWD modulus values are plotted together with the DCP-CBR values in Figure
45. The Erwp-composites EFwp-aca, and Erwp-sc Values of Section 19 were higher than those of
Sections 10 and 18. Figure 45 also shows that the trends of the DCP tests agreed well with those
of the FWD tests.
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Figure 45. Pre-construction FWD and DCP test results of the three representative sections:
(@) Erwb-composites (D) EFwp-ace and DCP-CBRagg Of surface aggregate, and (¢) Epwp-sc and
DCP-CBRsg of subgrade

Results of a statistical analysis of the FWD test results are summarized in Table 15 and Figure
46. The average Erwp-composite @Nd Erwp-acc Of Section 19 were approximately 50 to 100%
higher, respectively, than those of Sections 10 and 18. However, the subgrade material of the
three sections was similar in terms of the average Erpwp-s values.

Table 15. Summary of pre-construction FWD test results for three representative sections

Parameters Section 10 Section 18 Section 19

Average Erwo-composite; KSi (COV) 8.5 (15.5%) 7.8 (30.3%)  12.9 (27.2%)
Average Erwp.ace, ksi (COV) 52,9 (57.1%)  58.1(97.5%) 118.7 (62.6%)
Average Erwp.sc, ksi (COV) 43(11.2%)  3.8(132%) 4.8 (10.3%)

68



25

n=13 n=20 n=20
. 20
< >
g 15 A1 d
: High
§ 10 - % * 7 Median L
LuLL
5 1 <+ | ow
(@)
300 A
[ )
g 250 - o
=200 - T
?
a 150 A
2 °
W 100 - T
50 -
- . O
8 .
2 6
s ==
22 =<
L
o
2 .
(c)
0 T T T
Section 10 Section 18 Section 19

Middle line of box is median, box edges are 25th and 75th percentiles, dots are outliers, and whiskers extend to
most extreme data not considered outliers

Figure 46. Summary boxplots of pre-construction FWD test results for the three
representative sections: (&) Erwp-composite; (0) Erwp-ace, and (€) Erwp-sc

69



6.1.2 Laboratory CBR and UCS Tests

Laboratory CBR and UCS tests were performed using representative surface aggregate and
subgrade materials. CBR specimens were compacted at their optimum moisture contents (OMC)
as determined by the laboratory standard Proctor tests. In this study, the CBR tests were
conducted on both as-compacted and soaked specimens for comparison. Figure 47 shows the
piston stress versus penetration depth for the CBR tests on the surface aggregate and subgrade
specimens. At low penetration the penetration resistance is low and similar between materials,
while at high penetration, the penetration resistance is 15 to 20 times higher for the aggregate.

900
800 — —@— Surface aggregate (as-compacted)
—(O— Surface aggregate (soaked)
—W¥— Subgrade (as-compacted)

. 700 4 —A— Subgrade (soaked)
‘»
2 600
S
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[%)]
(%))
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n

200

100 I J_f

Y —
O 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Penetration Depth (in)

Figure 47. Uncorrected stress on piston versus penetration depth from CBR tests on
surface aggregate and subgrade

For each specimen, the laboratory CBR value, dry unit weight, and moisture content before and
after CBR testing are summarized and compared with the in situ DCP-CBR values in Table 16.
The moisture contents and lab CBR of both the surface aggregate and subgrade were similar
after soaking. The laboratory CBR values were lower than the average in situ DCP-CBR values,
but were similar to the minimum values of the in situ CBR ranges. The in situ tests were
performed at what was observed to be “dry” field conditions.
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Table 16. Laboratory CBR test results for as-compacted and soaked surface aggregate and
subgrade

Dry Unit As- w (%0) Lab CBR Range and (Average)
Material Weight Compacted after (%) / in-situ DCP-CBR (%0)
(pcf) w (%) CBRTest Rating®” / Rating® "
Surface aggregate 139.5 7.1 7.5 27.0/<G
. . : 0/<
(as-compacted) 26 t0 324
Surface aggregate . (160.7) / E
(soaked) 138.4 7.6 7.8 26.1/<G
Subgrade 103.6 21.1 20.7 5.1/P-F
(as-compacted) : : : : 341025.6
Subgrade . (12.5)/ F-G
(soaked) 102.2 21.6 22.6 5.9/P-F

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good,
<G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to
Good, P—F=Poor to Fair, VP=Very Poor
¢ The specimen was soaked for 96 hours prior to the CBR test in accordance with ASTM D 1883-07¢2.

UCS tests were performed to measure the shear strength of as-compacted and vacuum-saturated
subgrade specimens for a range of compaction moisture contents. The UCS test specimens were
prepared using the standard Proctor compaction test, and the resulting relationships between
compaction moisture content, dry unit weight, and UCS are shown in Figure 48. The moisture
contents of the specimens after vacuum-saturation are also plotted in Figure 48a. The UCS for
subgrade compacted dry of optimum reduced significantly after vacuum saturation, and the
specimens at the two lowest moisture contents slaked and collapsed. The as-compacted
specimens reached a peak UCS of 36 psi at a compaction moisture content of 16.4%, while the
vacuum saturated specimens reached a peak UCS of 9.2 psi at a compaction moisture content of
23.6% (Figure 48b). The optimum compaction moisture content in terms of peak saturated UCS
is denoted Wqpyucs), Which in this case was practically the same as the OMC for maximum dry
density (unit weight Wopiopy).
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6.2 Laboratory Mix Design for Chemical Stabilization Sections (Sections 16 and 17)

A range of laboratory mix designs were evaluated for existing subgrade (SG) materials, surface
aggregate (AGG) materials, and subgrade plus surface aggregate (SG+AGG) mixtures. For each
material type, fly ash (15% by dry soil weight) or type I/11 cement (6% by dry soil weight) was
added to further study the influence of chemical stabilization. Standard Proctor compaction,
CBR, and UCS tests were conducted on as-compacted and vacuum-saturated specimens to
determine moisture-density-unconfined compressive strength relationships. Compaction of the
chemically stabilized laboratory specimens was performed within 30 minutes of mixing, and all
specimens were cured at a temperature of 100 °F for seven days before performing CBR and
UCS tests.

6.2.1 Subgrade

Figure 49 shows piston stress versus penetration depth for the as-compacted and soaked CBR
tests. The fly ash and cement stabilized specimens increased the penetration resistance for both
as-compacted and soaked specimens. The stresses at 0.1 in. penetration for the fly ash and
cement stabilized specimens were about 11 and 17 times higher, respectively, than those of the
untreated specimens. After soaking, the penetration resistance of the fly ash and cement
stabilized specimens dropped by about 10% and 14%, respectively.

—&— Untreated SG (as-compacted)
1600 —o —O— Untreated SG (soaked)

—w— SG+15% FA (as-compacted)
—A— SG+15% FA (soaked)
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Figure 49. Uncorrected stress on piston versus penetration depth for CBR tests on
untreated, fly ash-stabilized, and cement-stabilized subgrade
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The CBR values, as-compacted dry unit weights, and moisture contents before and after the CBR
tests are summarized in Table 17. The CBR specimens were compacted close to their optimum
moisture contents as determined by standard Proctor tests (Figure 50). Both the fly ash- and
cement-stabilization increased the CBR values of the subgrade specimens by more than 10 times
compared to the untreated specimens.

Table 17. Laboratory CBR test results for untreated and stabilized subgrade

Dry Unit As-Compacted w (%) After CBR (%)

Material Weight (pcf) W (%) CBR Test  /Rating®
Untreated SG (as-compacted) 102.2 21.6 20.7 5.1/P-F
Untreated SG (soaked) 103.6 21.1 22.6 5.9/P-F
SG+15% FA (as-compacted) 106.1 17.0 16.9 57.9/E
SG+15% FA (soaked) 107.1 17.6 19.3° 52.2/E
SG+6% cement (as-compacted) 101.9 20.2 19.6 88.1/E
SG+6% cement (soaked) 102.2 21.4 21.3° 76.0/E

4 SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to
Good, P—F=Poor to Fair, VP=Very Poor
® Specimen soaked for 96 hours prior to the CBR test in accordance with ASTM D 1883-07e2.

Standard Proctor tests were also conducted on as-compacted and vacuum-saturated specimens to
determine the moisture-density relationships for the untreated and chemically stabilized subgrade
materials (Figure 50a, 50c, and 50e). Results show that the maximum dry unit weights of the fly
ash- and cement-stabilized specimens were higher than the untreated specimens, while the
optimum moisture contents of chemically stabilized specimens were lower.

Following the Proctor tests, UCS tests were also conducted on as-compacted and vacuum-
saturated specimens. Similar to the CBR test results for subgrade materials in the previous
section, the vacuum-saturation technique was more effective than soaking, giving a greater
increase in moisture content and a greater relative reduction in strength. Stabilization by fly ash
and cement increased the peak UCS of the as-compacted specimens by about 3 times, (Figure
50b, 50d, and 50f). In contrast, the peak saturated UCS of the subgrade was increased for the fly
ash and cement by 6 and 10 times, respectively.

For all tests, compaction moisture content was found to be an important factor in terms of UCS.
Based on the vacuum-saturated results shown in Figure 50b, 50d, and 50f, the untreated subgrade
should be compacted between +1 to +3% OMC for peak strength, while the fly ash- or cement-
stabilized subgrade could be compacted between +2% OMC. The latter range could be adjusted
depending on the design strength criteria. Overall, the test results showed that both fly ash and
cement stabilization can significantly improve the UCS of the existing subgrade material.
Depending of the design requirements, the chemical stabilizer addition rate may need to be
adjusted, and would require a new Proctor to establish suitable moisture content limits.
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Figure 50. Moisture-density-UCS relationships of as-compacted and saturated subgrade specimens: (a and b) untreated,
(c and d) fly ash-stabilized, and (e and f) cement-stabilized (optimum moisture content woprucs) for peak saturated UCS

shown)
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6.2.2 Surface Aggregate

The laboratory mix design tests detailed in the previous section were also conducted on the
untreated, fly ash-stabilized, and cement-stabilized surface aggregate. Figure 51 shows the piston
stress versus penetration depth for the CBR tests. Results show that the stresses at 0.1 in.
penetration for the fly ash-stabilized specimens were about 30 times higher than those of the
untreated specimens. The cement-stabilized specimens were also prepared and tested after 7 days
of curing, but the specimen strength exceeded the 10,000 Ib-capacity of the load cell at about
0.03 in. penetration.

4000
Note: Stress on piston exceeded 3,500 psi at about 0.03 in. penetration
for both of the as-compacted and soaked cement-stabilized specimens.
3500 -
3000 -
.’g-T
= 2500 A —@— Untreated AGG (as-compacted)
S —O— Untreated AGG (soaked)
-09_ 2000 - —v¥— AGG+15% FA (as-compacted)
S —A— AGG+15% FA (soaked)
@
7
1000 -~
500 -
0 T T T

0.0 0.1 0.2 0.3 0.4 0.5
Penetration Depth (in)
Figure 51. Uncorrected stress on Piston versus penetration depth for CBR tests on
untreated and fly ash-stabilized surface aggregate specimens

The as-compacted dry unit weights, moisture contents before and after testing, and CBR values
of the untreated and fly ash-stabilized specimens are summarized in Table 18. The CBR values
of the fly ash-stabilized specimens were more than 10 times those of the untreated specimens.
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Table 18. Laboratory CBR test results for untreated and stabilized surface aggregate

Dry Unit Weight  As-Compacted w% after CBR CBR (%) /

Material (pcf) W% Test Rating®
Untreated AGG
(as-compacted) 138.4 7.6 75 27.0/<G
Untreated AGG b
AGG+15% FA
(as-compacted) 138.9 7.2 6.5 3335/E
AGG+15% FA X
(soaked) 138.6 7.5 7.5 2755/ E
AGG+6% cement
(as-compacted) 135.8 7.6 - >3335/E
AGG+6% cement
(Soaked) 136.2 1.4 — >3335/E

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good,
<G=below Good
> Specimen soaked for 96 hours prior to the CBR test in accordance with ASTM D 1883-07¢2.

Laboratory Proctor and UCS tests were also conducted on the fly ash- and cement-stabilized
surface aggregate specimens. Because the surface aggregate is an unbound material, vacuum
saturation and UCS tests were not performed. Compared to the cement-stabilized specimens, the
fly ash-stabilized specimens had higher maximum dry unit weights and lower optimum moisture
contents (Figure 52). A bulking moisture content yielding the lowest dry unit weight was
observed for the cement-stabilized specimens.

The maximum as-compacted and saturated UCS of cement-stabilized specimens (~500 psi) were
higher than the fly ash-stabilized specimens (~450 psi), as shown in Figure 52. The UCS
decreased by approximately 10% after vacuum saturation for both types of stabilized specimens.
Similar to the subgrade materials, the UCS of stabilized surface aggregate was significantly
influenced by compaction moisture content. The optimum moisture contents Wqpyucs) in terms of
the peak saturated UCS are identified in Figure 52. For the cement-stabilized specimens, the
strength increased significantly with increasing moisture content dry of optimum, and did not
drop as severely as the fly ash wet of optimum.
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Figure 52. Moisture-density-UCS relationships of as-compacted and saturated surface
aggregate: (a and b) fly ash-stabilized and (c and d) cement-stabilized
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6.2.3 Mixture of Subgrade and Surface Aggregate

The laboratory mix design tests detailed in the previous sections were also conducted on a
mixture of existing subgrade and surface aggregate (SG+AGG). Based upon practical and
economic considerations in consultation with the project Technical Advisory Committee (TAC),
the surface aggregate for the fly ash-stabilized Section 16 and cement-stabilized Section 17 were
constructed by mixing fly ash or cement with the existing 3 in. aggregate layer and 5 in. of the
subgrade. The SG+AGG mixtures tested in the laboratory were therefore comprised of 62.5%
subgrade and 37.5% surface aggregate by volume. Fly ash and cement addition rates were based
on the SG+AGG dry mass.

The moisture-density-UCS relationships of the untreated, fly ash-stabilized, and cement-
stabilized SG+AGG mixtures are shown in Figure 53. The maximum dry unit weight increased
and optimum moisture content decreased after mixing in the chemical stabilizers, while the UCS
was increased but significantly influenced by the compaction moisture content. The optimum
compaction moisture contents (Woptucs)) that resulted in the highest saturated UCS are shown in
Figure 53 for the three types of materials.

To compare the performance of the chemically stabilized SG+AGG mixture to the stabilized
subgrade material alone, the mix design test results of Figure 50 and Figure 53 are plotted
together in Figure 54. The Proctor curves of the untreated and fly ash- and cement-stabilized
SG+AGG specimens are similar to the corresponding curves of the subgrade specimens.
However, the maximum dry unit weights of the SG+AGG mixtures were higher, and the
optimum moisture contents were about 6% lower than the SG specimens without aggregate.
These phenomena indicate that the compaction behavior of the SG+AGG mixtures were still
governed primarily by the shear strength properties of the SG material.

The peak UCS of the untreated SG+AGG was nearly the same as that of the untreated SG, for
both the as-compacted and saturated cases (Figure 54b). This further indicates that the shear
strength of the SG+AGG mixture was still governed by the SG matrix, and adding the 37.5%
aggregate to the subgrade did not result in a strength gain. However, the chemically stabilized
SG+AGG mixtures resulted in higher UCS than the chemically stabilized SG alone (Figure 54d
and 54f). This may be because the aggregate particles in the SG+AGG mixture reduced the
volume of the fine SG particle matrix, so the same percentage of stabilizers on a volume basis
resulted in a higher concentration within the fine SG particle matrix of the SG+AGG mixture
than in the SG-only specimens.

The laboratory mix design results for the existing surface aggregate (AGG), subgrade (SG), and
subgrade and surface aggregate (SG+AGG) mixtures are summarized in Table 19. Stabilization
of the AGG by 15% fly ash or 6% cement resulted in peak UCS exceeding 400 psi for both as-
compacted and saturated conditions. For the SG with 15% fly ash, the as-compacted and
saturated peak UCS increased by factors of 3.4 and 5.9, respectively. For the SG with 6%
cement, the as-compacted and saturated peak UCS increased by factors of 3.6 and 10.8,
respectively. The chemically stabilized SG+AGG mixtures showed even greater improvement in
peak UCS than the stabilized SG, with the as-compacted and saturated fly ash-stabilized UCS
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increasing by 4.9 and 8.6 times, respectively, and cement-stabilized UCS increasing by 6.2 and
17.4 times, respectively. Compared to the untreated materials, the materials stabilized with 15%
fly ash or 6% cement yielded higher standard Proctor maximum dry unit weights (yg max) and
lower optimum moisture contents (Wop), With the exception of the AGG-cement mixture. Also,
for most of the materials, the optimum compaction moisture contents that produced the peak
saturated UCS (Wopucs)) Were within 1.5% of their standard Proctor optimum moisture contents

(Wopt)-

Table 19. Summary of laboratory mix design results for existing surface aggregate (AGG),
subgrade (SG), and subgrade-surface aggregate (SG+AGG) mixture

Materials Peak UCS, psi  Peak UCS, psi  Wqptucs) ~ Wopt Yd max,

(as-compacted) (saturated) % % pcf
AGG - - - 6.2 140.8
AGG+15% FA 448.5 413.0 3.4 55 143.8
AGG+6% Cement 516.0 487.7 7.4 7.4 138.1
SG 36.3 9.2 23.5 22.4 98.7
SG+15% FA 122.7 54.2 17.6 16.5 107.0
SG+6% Cement 131.4 99.1 19.9 19.9 103.2
SG+AGG 31.0 7.8 16.0 14.4 116.9
SG+AGG+15% FA 152.6 66.9 9.4 10.9 121.2
SG+AGG+6% Cement 190.7 136.0 12.5 12.5 118.1
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Figure 53. Moisture-density-UCS relationships of as-compacted and saturated SG+AGG mixtures: (a and b) untreated,
(c and d) fly ash-stabilized, and (e and f) cement-stabilized
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Figure 54. Moisture-density-UCS relationships of as-compacted and saturated subgrade and SG+AGG mixtures:
(a and b) untreated, (c and d) fly ash-stabilized, and (e and f) cement-stabilized
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6.3 Laboratory Permeameter Tests for Geocomposite Drain Section (Section 18)

Damage to granular surfaced roads, such as surface water erosion, rutting, and potholes are
attributed to insufficient drainage during spring-thawing periods, when ice lenses in the soil
create a barrier to downward flow of water. As one method to address this problem, a
geocomposite drainage layer was installed in Section 18 to improve horizontal drainage and
provide a capillary barrier at the aggregate-subgrade layer interface. To quantify the
effectiveness of the geocomposite drainage layer, the hydraulic conductivity of the existing
subgrade and surface aggregate materials was measured in the laboratory using rigid-wall
compaction mold permeameter tests and large-scale horizontal permeameter tests (HPTs). HPTs
were also performed on surface aggregate with an embedded geocomposite drainage layer.

The rigid-wall compaction mold permeameter test was conducted on subgrade specimens in
accordance with ASTM D 5856-95(2007). The dry unit weights, moisture contents before and
after testing, and measured saturated hydraulic conductivities are detailed in Table 20. The
results show that the subgrade material, which has 28.7% clay content and an AASHTO
classification of A-7-6(10), can be considered as an impermeable material.

Table 20. Rigid-wall compaction mold permeameter results for subgrade

Parameters As-Compacted After the Test
Water content (%) 23.7 26.4

Dry unit weight (Ib/ft) 96.8 96.8°
Degree of saturation (%) 86.6 96.4
Hydraulic conductivity (ft/day) 5.06x10%

2 Dry unit weight of specimen was assumed unchanged after test, because volume of specimen did not change
during test.

Three HPTs were conducted on the surface aggregate: one specimen consisted of aggregate only,
and the other two had one of the two types of geocomposite drainage materials embedded (i.e.,
Macdrain™ drainage W1051 and Roadrain™ RD-5). As described in Chapters 4 and 5, the
Macdrain™ drainage W1051 was installed as a geocomposite drainage layer in Section 18, and
the Roadrain™ RD-5 was installed as a lining around the perimeter of the bottom of the
aggregate columns in Section 13.

For the first HPT, the surface aggregate was compacted to a dry unit weight of 139.4 pcf, which
is close to the standard Proctor maximum dry unit weight of 140.8 pcf. After completing the
HPT, the top half the material was removed, the geocomposite layer placed at the mid-depth of
the specimen, and the top half of the aggregate replaced. Photos of specimen preparation are
provided in Appendix B.

The saturated horizontal hydraulic conductivities of the three specimens were each measured
under four different constant water heads (2, 4, 6, and 8 in.), giving the relationships between
hydraulic conductivity and hydraulic gradient shown in Figure 55. The horizontal saturated
hydraulic conductivity at 68 °F (Kgg -¢) Of the existing surface aggregate specimen was between 2
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and 3 ft/day, and remained relatively constant as hydraulic gradient increased. The geocomposite
drainage layer effectively increased the Kggor by more than three orders of magnitude, and the
W1051 geocomposite had a higher permeability (~4,000 ft/day) than the RD-5 geocomposite
(~1,000 ft/day).
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v Do oD ® Macdrain W1051 Test 1
O Macdrain W1051 Test 2
v Macdrain W1051 Test 3
1000 - 2 4@ = A Road Drain RD-5 Test 1
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©
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Hydraulic Gradient, i

Figure 55. Large-scale horizontal permeameter test (HPT) results of existing surface
aggregate and surface aggregate with embedded geocomposite drainage layer

6.4 Performance of As-Constructed Demonstration Sections

The performance of the as-constructed demonstration sections covering the two-mile stretch of
Vail Avenue was monitored through the 2013-2014 and 2014-2015 seasonal free-thaw cycles.
Several series of field tests including DCP, FWD, and multi-channel analysis of surface wave
(MASW) tests were conducted to determine the thickness of the surface course layer and the
shear strength and stiffness of the surface course and subgrade materials. To evaluate the
effectiveness of the geocomposite drainage layer in improving the hydraulic conductivity and
drainage, in situ air permeameter tests (APT) were also conducted on the geocomposite drain
Section 18 as well as one nearby control section.
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6.4.1 DCP and FWD Tests

Construction of demonstration Sections 1-8, 12, 13, and 19A and 19B was completed on
September 19, 2013, except for the calcium chloride for Section 2 and the bentonite for Sections
1B and 4, which were completed in summer 2014. Construction of Sections 15-18 was not
completed until the following year, on October 2, 2014. Therefore, two groups of as-constructed
field tests were conducted in both 2013 and 2014. For the first group of field tests in 2013, DCP
and FWD tests were performed on demonstration Sections 1-9 of the first mile. At that time,
Sections 1A, 1B, and 2 were the same (dirty macadam) and Sections 3 and 4 were the same
(dirty macadam with nonwoven geotextile), because the calcium chloride and bentonite had not
yet been applied. For the second group of field tests in 2014, FWD and MASW tests were
performed for the entire two mile stretch, covering demonstration Sections 1A-20.

DCP tests were performed on the macadam Sections 1-9 on October 31, 2013 and November 7,
2013, which was after construction but before the first freeze-thaw cycle. From the test results,
the thickness of the surface course layer and shear strength of the surface course and subgrade
materials were estimated. The cumulative blows, DCPI, and DCP-CBR values versus depth for
these tests are shown in Figure 56 and Figure 57. According to ASTM D 6951-09, the DCP tests
should not be used for testing granular materials containing a large percentage of aggregates
greater than 2 in., so the DCP-CBR values shown for the macadam stone base layers do not fully
reflect the shear strength of the materials. However, they do clearly indicate the depth to the
surface of the subgrade layer. The estimated DCP-CBR values of the subgrade decreased with
depth (Figure 56 and Figure 57), which may be due to an increasing moisture content with depth.
Also, the DCP results do not clearly delineate the interfaces of the macadam stone base layer
with the aggregate layers above and below. Therefore, the embedded macadam stone base layer
and aggregate layers were treated as a single combined (aggregate+macadam-+aggregate) surface
course layer in the plots.

The thickness of the combined surface layer was then calculated for each test, along with the
average DCP-CBR values of the combined surface course layer (DCP-CBRagg) and subgrade
(DCP-CBRsg), as summarized in Table 21. The average thickness of the combined surface
course layer for Sections 1-8 ranged between 13.3 and 15.8 in., and the depth-averaged DCP-
CBRsgg of the subgrade ranged between 12.8% and 25.9%, which classifies as fair to very good
according to the SUDAS rating system in Table 2. However, the average DCP-CBRsg of the
control Section 9 subgrade was 10.6%, which is lower than the corresponding values for the
macadam base Sections 1-8. Since the subgrade material for all sections was the same type of
backfill, the lower DCP-CBRsg in Section 9 was assumed to result from deeper and softer
subgrade materials being included for this section due to its thinner surface course consisting
only of aggregate (see Figure 57). To verify this assumption, the average DCP-CBRsg of Section
9 was re-calculated over the same depth range within the subgrade as Sections 1-8 (i.e., to a
depth of 20 rather than 34 in. below the subgrade surface), giving a slightly higher value of
14.6% which is comparable to that of the macadam sections. To simulate the same total
influence depth of traffic loads, however, the average DCP-CBRsg calculated using the full
measurement depth of 35 in. from the roadway surface will be used for all sections.
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Figure 56. DCP test results for as-constructed Sections 1 through 5: (a) cumulative blows,
(b) DCPI, and (c) DCP-CBR versus depth
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Figure 57. DCP test results for as-constructed Sections 6 through 9: (a) cumulative blows,
(b) DCPI, and (c) DCP-CBR versus depth
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Table 21. DCP test results of as-constructed first mile demonstration Sections 1-9

. . Thickness of Average DCP- Average DCP- Average
Description Distance -, mhined Surface  Thickness CBRace DCP- CBRsc DCP-
(Section Number) (ft) Course (in.) (in) (%) CBRacG (%0) (%) CBRsc (%)

' ' / Rating® / Rating”
. 1150 14.1 143.6 22.1
D'”({ mcg;jam 1750 11.0 13.3 144.6 1438/ E 22,6 24.0/ VG
2450 14.8 143.2 27.2
Dirty Macadam + 2750 14.5 56.6 7.6
NW-Geotextile 2850 11.9 13.3 89.8 748 /VG 17.2 12.8/ F-G
(3and 4) 2900 13.7 77.9 13.8
Clean Macadam + 3000 14.6 94.4 17.8
NW-Geotextile 3100 14.6 15.8 74.6 76.8/ VG 25.2 174/ F-G
®) 3300 18.2 61.4 9.3
Clean Macadam 3700 13.8 115.2 22.3
©6) 3900 14.7 14.3 78.9 96.7/E 29,5 25.9/VG
RPCC Macadam 4100 13.7 126.6 30.1
%) 4300 14.0 13.8 170.9 148.7 | E 19.7 249 /VG
RPCC Macadam +
NW-Geotextile 4600 15.1 15.1 233.9 2339/E 22.9 229/VG
(8)
Control 5050 4.3 31.4 12.0
9) 5150 5.4 4.9 148.7 0.0/ 9.1 106/F-G

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good, <G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to Good, P-F=Poor to Fair, VP=Very Poor
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The first group of FWD tests on the as-constructed Sections 1-9 were conducted on October 17,

2013, approximately one month after construction. The resulting elastic modulus of the
combined (aggregate+macadam-+aggregate) surface course layer (Erwp-acc) and the subgrade

(Erwb-sc), as well as the composite elastic modulus of the surface-and-subgrade system (Erwp-
composite) @re shown in Figure 58. The Erwp-composite OF the macadam stone base Sections 1-8
ranged between 21 and 46 ksi, with the clean macadam Section 6 producing the highest modulus
values, while the average Erwp-composite Of control Section 9 was only about 9 ksi. The DCP-CBR
values of the combined surface course layer and subgrade are also plotted in Figure 58. As

explained above, according to ASTM D 6951-09, the DCP tests do not fully reflect the shear
strength of the macadam materials. However, the DCP-CBR trends for most of the sections

generally agreed with the Erwp trends for both the combined surface course layer and subgrade.
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Construction of the second mile demonstration sections was completed on October 1, 2014,
approximately one year after completion of the first mile demonstration sections. A second group
of as-constructed FWD tests was then performed on all demonstration sections on October 20,
2014. The FWD test results from 2013 and 2014 are compared in Figure 59. As mentioned
above, Sections 1A, 1B, and 2 were the same (dirty macadam), and Sections 3 and 4 were the
same (dirty macadam with nonwoven geotextile) during the first group of tests, because the
calcium chloride and bentonite had not yet been applied. Also, ground temperature profiles were
not measured during the first group of tests in 2013, because the weather station and ground
temperature sensors had not yet been installed. However, both air and road surface temperatures
were measured by the FWD at each testing point in 2013 and 2014, and their average values in
each year differed by 12 °F for air and 8 °F for the road surface. Based on visual observation, the
weather and road conditions were similar for the two test periods.

The Erwb-composite Values (Figure 59) decreased slightly from 2013 to 2014 for most of the
sections, with the exception of the dirty macadam with bentonite and NW-geotextile (Section 4),
RPCC macadam (Section 7), and RPCC macadam with NW-geotextile (Section 8). For Section
4, approximately 2 in. of aggregate was added for bentonite mixing after the 2013 FWD tests,
which increased the Erwp-composite Values for 2014. For Sections 7 and 8, the increase in Epwp.
composite Might be attributable to a beneficial further hydration of the RPCC macadam base
material. Figure 59b shows the Erwp.acc Of the combined (aggregate+macadam+aggregate)
surface course layers, which more clearly indicates that the modulus increases of the RPCC
macadam sections may be due to further hydration of the RPCC. This hypothesis is also
supported by the fact that the Erwp-s for Sections 7 and 8 were similar or slightly decreased
from 2013 to 2014 (Figure 59c).
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Figure 59. Comparison of 2013 and 2014 FWD test results for first-mile Sections 1A-9:
(@) Erwb-composites (D) EFwp-acs, and (€) Erwp-sc

Statistical boxplots of the 2013 and 2014 FWD test results for the first-mile sections are
presented in Figure 60. The sections with the NW-geotextile exhibited lower Erwp-composite Values
than the corresponding sections without NW-geotextile, but also experienced smaller reductions
IN Erwb-composite @Nd Epwp-age from 2013 to 2014. This suggests that the NW-geotextile between
the macadam stone base and surface aggregate can enhance long-term stability, possibly due to
improved subsurface drainage and reduced contamination of the clean macadam material by
fines migrating from the surface course. On the other hand, the smaller reduction could be a
result of the initial modulus values being lower for the sections with NW-geotextile compared to
the same material without the geotextile. The improvement in modulus discussed above for the
RPCC sections from 2013 to 2014 is also evident in Figure 60a and 58b. For the subgrade, the
modulus Erwp-sc decreased from 2013 to 2014 for all of the test sections (Figure 60c).
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The 2014 FWD test results for the as-constructed second mile Sections 10-20 are shown in
Figure 61. These tests were conducted 20 days after construction of the chemically stabilized
Sections15-17. Both Erwp-composite aNd Erwp-acc Of the chemically stabilized Sections15-17 and
the mechanically stabilized Sections19A—19B were higher than the rest of the sections.
Compared to the variations of Erwp-composite 8Nd Erwp-ace across all sections, the Epwp-sg Of the
subgrade was relatively uniform. The FWD moduli of the fly ash-stabilized Section 16 were
much more uniform than the cement-stabilized Section 17 in terms of Erwp-composite @Nd Erwp-ace
(Figure 61a and Figure 61b). The greater variability in the moduli of the cement section may be
due to a more variable surface aggregate course thickness in this section, because the cement-
stabilized UCS was found to be more sensitive to the aggregate content of the SG+AGG mixture
than the fly ash-stabilized UCS. This hypothesis is also supported by the good agreement
between the trends of the FWD and UCS test results across Section 17, as well as the fact that the
UCS specimen at 100 ft in Section 17 gave the highest UCS and FWD modulus and was
comprised mainly of aggregate with little to no subgrade mixed in (see section 6.4.3).
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Statistical boxplots of the second group of FWD tests in 2014 are presented in Figure 62. The
Erwb-composite Values of the macadam Sections 1A—-8 and fly ash- and cement-stabilized
Sections16 and 17 were about three times higher than the control Sections 9-11, 14, and 20
(Figure 62a). As noted above, however, the cement-stabilized Section 17 produced significant
variation in Epwp-composite OVEr its length, with some values falling below those of the fly ash-
stabilized Section 16. The Erwp-composite Values for the BX geogrid with NW-geotextile (Section
19A) and BX-geogrid (Section 19B) were also higher than the control sections. The composite
modulus Erwp-composite Was not significantly increased relative to the nearest control section for
the aggregate column Sections 12 and 13, the bentonite Section 15, or the geocomposite drain
Section 18.

The median Erwp-acc Values ranged between 10 to 50 ksi for most of the sections, but were
significantly higher for the RPCC macadam Section 7, fly ash Section 16, cement Section 17,
and BX-geogrid Section 19B (Figure 62b).

The subgrade material for the entire two miles of demonstration sections is the same type of
backfill. However, the Erwp-sg Values for the macadam Sections 1-8 in Figure 62c were higher
than those of the other sections. This phenomenon may have two causes: (1) due to the thicker
surface course of the macadam sections, the measurement influence depth of the FWD into the
subgrade layer was shallower, similar to the DCP-CBRs test results discussed above, and (2)
the additional surcharge of the extra macadam and aggregate layers increased the effective stress
and therefore the modulus of the underlying subgrade.
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6.4.2 MASW Tests

Multichannel Analysis of Surface Waves (MASW) geophysical tests were conducted at the same
time and locations as the 2014 FWD tests. MASW tests were performed to assess the feasibility
of using this type of non-destructive testing (NDT) method on granular surfaced roads, the
resolution in terms of the smallest layer thickness that could be resolved, and to compare the
agreement of back-calculated moduli with the FWD method.

The MASW and FWD NDT methods employ different theoretical solutions to back-calculate
layer stiffnesses (moduli) of an assumed multi-layered system. Since the aggregate surface
course and underlying near-surface subgrade were of interest in this study, all of the
demonstration sections were analyzed as simple two-layer systems. The notation Epasw-acc and
Emasw-sc Will be used to denote the elastic modulus of the surface course and subgrade material,
respectively, as determined by MASW tests. To reduce the number of unknowns in the back-
calculation (inversion) procedures of the MASW tests, the average thickness of the surface
course layer of each section as determined from the DCP tests was used for both the FWD and
MASW back-calculations. Also, layer densities are inputs for the MASW inversion, but the
influence of density is much smaller than that of modulus. Therefore, the standard Proctor
maximum dry unit weights of the surface aggregate (140 pcf) and subgrade (98 pcf) were used
for all of the sections. The Poisson’s ratios of the surface course and subgrade material were
assumed to be 0.3 and 0.4, respectively.

The back-calculated MASW and FWD moduli are compared in Figure 63 and Figure 64. For the
surface course layer, the two test methods showed very similar trends, but the MASW moduli of
the surface courses were much higher than the FWD moduli. This behavior is expected, because
dynamic strain levels imposed in MASW tests employing a small hammer source were much
lower than those of FWD tests employing large weight drops of several thousand pounds (see
Sections 3.2.2 and 3.2.3 of the report). It is well-known that the elastic modulus of granular
materials decreases nonlinearly with increasing strain.

For the subgrade, the values of MASW and FWD moduli were in closer agreement, but
Emasw-sc showed significantly more variation (Figure 63b and Figure 64b). The greater variation
may be a result of using a small ball-peen hammer as the impact source, which results in very
small strains in the subgrade. However, the small hammer was chosen because the goal was to
focus the MASW measurement resolution on the thin aggregate layer. A smaller hammer creates
higher frequency content in the seismic surface waves and enables a closer source-to-first-
receiver impact distance without overloading the geophones. If measurements of the subgrade
stiffness are desired by MASW, a larger source such as the traditionally used sledge hammer
could easily be employed with a larger impact offset, to generate greater impact energy and
therefore larger strains in the subgrade. For the second mile sections, the surface course layers
were much thinner than the first mile, but most of the MASW trends still followed the FWD
trends (Figure 64a). Again, the MASW results for the subgrade showed much more variation
than the FWD tests, and the MASW moduli of the control Sections 10 and 11, geocomposite
drain Section 18, and BX-geogrid with NW-geotextile Section 19A were lower than the
corresponding FWD moduli.
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Statistical boxplots of all the FWD and MASW back-calculated moduli are shown in Figure 65.
The two tests methods showed similar trends among the different sections, but the MASW test
results showed greater variation, especially for the Epmasw-sc values. As mentioned above, a
larger impact source could reduce the variability of the MASW method for the subgrade.
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Statistical correlations between the mean MASW and FWD moduli were generated for both the
surface course and subgrade materials of all sections. The correlation for the surface course
materials is shown in Figure 66a. The coefficients of determination (R?) of the linear regression
models are below 0.5. To develop a meaningful physics-based relationship between the low-
strain MASW and higher-strain FWD results, the different strain levels induced in the two tests
should be accounted for.

Erwoace (Ksi) = 32.02 + 0.15 E,jxqy ace Erwp.se (KS)) =2.29 + 0.78 E o0
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Figure 66. Statistical correlations between mean MASW and FWD back-calculated moduli:
(a) for surface course materials, (b) for subgrade

Additional MASW tests were also conducted to monitor the elastic modulus of the fly ash- and
cement-stabilized surface course materials during their curing periods. The test results (Figure
67) show that the modulus of the fly ash-stabilized surface course materials in Section 16 did not
significantly increase up to 28 days after construction, except for one test location at 18 days.
The moduli of the cement-stabilized surface course for four out of the five test locations
increased after 20 days, but then decreased by 30 days. The Emasw-ace values between the two
sections were similar except for one point of the cement-stabilization section, which had a much
higher stiffness than all others. The Emasw-sc values showed more variation for reasons
discussed previously, and did not exhibit any significant trends.
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6.4.3 Laboratory Proctor and UCS Tests for Surface Course Materials of Chemical Stabilization
Sections

During construction of the fly ash- and cement-stabilized Sections 16 and 17, standard Proctor
tests were conducted on the as-constructed chemically stabilized surface course materials in the
field. The representative surface course materials were collected from five locations of each
section: 100, 200, 300, 400, and 500 ft from the south end. The field Proctor test results are
plotted with the laboratory standard Proctor test results of the chemically stabilized subgrade
(SG), surface aggregate (AGG), and subgrade plus surface aggregate mixture (SG+AGG)
specimens in Figure 68. The results show that moisture contents of the field SG+AGG specimens
were within £3% of the optimum moisture contents (wopt) determined by the laboratory standard
Proctor tests. However, the dry unit weights of most of the field specimens were lower than those
of the laboratory specimens compacted using the same compaction energy. These differences
indicate that the field-mixed surface course materials may have contained higher proportions of
subgrade materials than the laboratory-prepared specimens. Also, based on visual oberservations,
the field specimens that yielded higher dry unit weights than the laboratory Proctor specimens
contained higher proportions of surface aggregate material.
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Figure 68. Standard Proctor test results for subgrade, surface aggregate, and lab- and
field-compacted subgrade-surface aggregate mixture: (a) fly ash-stabilized and (b) cement-
stabilized

UCS tests were also conducted on the field-compacted Proctor specimens to measure as-
compacted and vacuum-saturated shear strength at 7 days curing. The as-compacted and
saturated UCS of the fly ash-stabilized specimens were generally lower than the cement-
stabilized specimens, as shown in Figure 69. As was found for the FWD tests in Figure 61, the
fly ash-stabilized specimens yielded a more uniform UCS across the test section than the cement-
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stabilized specimens. The cement-stabilized specimens that yielded the highest UCS (at 100 ft in
Figure 69) were observed to consist primarily of surface aggregate material with little subgrade.

Unconfined Compressive Strength (psi)

500

400 -

300 -

200 A

100 A

® SG+AGG+15% FA (As-compacted)
O SG+AGG+15% FA (Saturated)

Unconfined Compressive Strength (psi)

[ ]
[ ]
) 8 o) L4
O
° ° (a
0 100 200 300 400 500 600

Distance from south end of the section

500

400

300

200

100

® SG+AGG+6% cement (As-compacted)
O SG+AGG+6% cement (Saturated)

o)
°
0
o o
i °
o
o
(b)
100 200 300 400 500 600

Distance from south end of the section

Figure 69. UCS test results of field-compacted (a) fly ash-stabilized and (b) cement-
stabilized SG+AGG specimens at 7 days curing

The as-compacted UCS values of the field-compacted surface course specimens shown in Figure
69 are compared with the field MASW surface course moduli (Emasw-ace) in Figure 70. For the
fly ash section, the MASW and UCS test results did not follow the same minor trends, but both
tests exhibited relatively constant values across the section. For the cement Section 17, the two
test methods showed similar trends. The MASW test clearly indicated the high stiffness
associated with the high strength of the material at 100 ft from the south end.
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Figure 70. Comparison of UCS and MASW results for (a) fly ash-stabilized Section 16 and
(b) cement-stabilized Section 17
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6.4.4 Field Air Permeameter Tests for Geocomposite Drain Section

In this study, Air Permeameter Tests (APT) were conducted to quantify the improvement in
drainage provided by the geocomposite layer of the granular surfaced road. For the geocomposite
drain Section 18, the Macdrain™ (MD) W1051 and W1091geocomposite materials were
installed. APTs were performed at three different locations in the geocomposite drain Section 18
and at three locations in nearby Section 17, which was not stabilized yet and therefore still a
control section. At each test location, APTs were performed at different depths within the surface
course layer, as shown in Figure 71, to determine how the hydraulic conductivity changes with
depth.

Geocomposite Drain Section Control Section
(18) (17 Before Construction)
Location 1 Location2 Location 3 Location1 Location2 Location 3
0 y. p.s W' 0 /
1 A Surface Surface Surface 1
Aggregate Aggregate Aggregate Surface Surface
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Figure 71. APT locations (indicated by black dots) and cross-section profiles of the
geocomposite drain Section 18 and control Section 17

The APT results are shown in Figure 72. For the control section, the saturated hydraulic
conductivities (Ksx) at the three test locations were very similar (~60 ft/day), and relatively
constant with depth. However, for the geocomposite drain at Locations 1 and 2 which have the
W1091 geocomposite with a thicker flexible core than the W1051 (see Section 4.3.3 of the
report), Key in the surface aggregate layer increased consistently with depth. For test Location 3
with the W1051 geocomposite, K initially decreased with depth for the first 2 in. below the
road surface, then increased as the geocomposite was approached. However, because there was
only one test conducted on the section with W1051 geocomposite, this trend should be verified
by additional tests. Based on the APT data, the saturated hydraulic conductivity was
approximately 2,000 ft/day for the W1051 geocomposite and 6,500 ft/day for the W1091
geocomposite.
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6.5 Evaluation of Post-Thawing Durability

Laboratory freezing-thawing and wetting-drying tests were conducted on the surface course
materials of the fly ash- and cement-stabilized Sections 16 and 17, which included approximately
3 in. of existing surface aggregate mixed with 5 in. of subgrade as described in Section 5.3 of the
report. Two groups of post-thawing field tests were also conducted in spring of 2014 and 2015 to
compare the in situ post-thawing performance of the various demonstration sections.

6.5.1 Laboratory Freezing-Thawing and Wetting-drying Tests for Chemical Stabilization
Sections

Laboratory freezing-thawing and wetting-drying tests were conducted on field-compacted
specimens to evaluate the durability of the fly ash- and cement-stabilized surface course
materials. According to ASTM D 559-03 and D560-03, these test methods are intended for
cement-stabilized specimens. However, they were also conducted on the fly ash-stabilized
specimens for a direct comparison in this study. The ASTM standards specify subjecting each
specimen to 12 cycles for both the freezing-thawing and wetting-drying tests.

The number of freeze-thaw or wet-dry cycles until failure of the specimens is reported in Table
22. As anticipated, the cement-stabilized specimens exhibited better freeze-thaw and wet-dry
durability than the fly ash-stabilized specimens. Of the cement-stabilized specimens, none failed
within 12 wet-dry cycles, but three out of four failed between 9 and 11 freeze-thaw cycles. In
contrast, none of the fly ash-stabilized specimens survived more than 9 wet-dry or 6 freeze-thaw
cycles. For the cement-stabilized specimen at 500 ft, an intact specimen could not be obtained,
because the specimens collapsed when de-molded after compaction in the field.

Table 22. Number of freeze-thaw or wet-dry cycles to failure for fly ash-and cement-
stabilized specimens

Fly Ash-Stabilized Specimens Cement-Stabilized Specimens
Distance From | Wet-Dry  Freeze-thaw | Distance From  Wet-Dry  Distance From Freeze-
E. End of Test Cycles to Cycles to E.Endof Test Cyclesto E.Endof Test thaw Cycles
Section Failure Failure Section Failure Section to Failure
100 4 4 200 >12 100 #1 11
200 2 4 300 #1 >12 100 #2 >12
300 10 6 300 #2 >12 400 #1 10
400 4 500 >12 400 #2 9
500 3 -

The percent mass changes during freeze-thaw and wet-dry cycling of the fly ash- and cement-
stabilized specimens are shown in Figure 73 and Figure 74, respectively. The results show that
the cement-stabilized aggregate-subgrade mixture specimens provide better durability than the
fly ash-stabilized specimens as expected. Photographs of each specimen after each freeze-thaw
or wet-dry cycle are shown in Figure 75 through Figure 78.

106



0
10 - —e— Fly Ash 100ft Specimen
—O— Fly Ash 200ft Specimen
20 - —w— Fly Ash 300ft Specimen
° —A— Fly Ash 400ft Specimen
5. 30 ~ —m— Fly Ash 500ft Specimen
0
S 40 A
-
3 50 -
<
>
o 60 A
S 70 -
80 -
90 -
100 T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12
Freeze-Thaw Cycles
0 ¢
10 A
20 A

Soil-Cement Loss, %
a1
o

—&— Cement 100ft Specimen #1
—O— Cement 100ft Specimen #2

80 1 —w— Cement 400ft Specimen #1
90 - —A— Cement 400ft Specimen #2
100 (b) T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11 12
Freeze-Thaw Cycles

Figure 73. Mass changes of (a) fly ash-stabilized and (b) cement-stabilized aggregate-
subgrade mixture specimens during freeze-thaw cycling
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subgrade mixture specimens during wet-dry cycling
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After 5" freeze-thaw cycle

Figure 75. Photos of fly ash-stabilized specimens after freeze-thaw cycles
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After 4t freeze-thaw cycle

Figure 76. Photos of cement-stabilized specimens after freeze-thaw cycles
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Figure 76 (continued). Photos of cement-stabilized specimens after freeze-thaw cycles
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Figure 76 (continued). Photos of cement-stabilized specimens after freeze-thaw cycles
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Figure 77. Photos of fly ash-stabilized specimens after wet-dry cycles
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After 5" wet-dry cycle
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Figure 77 (continued). Photos of fly ash-stabilized specimens after wet-dry cycles

114



After 41 wet-dry cycle

After 5" wet-dry cycle

Figure 78. Photos of cement-stabilized specimens after wet-dry cycles
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Figure 78 (continued). Photos of cement-stabilized specimens after wet-dry cycles
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After 12t wet-dry cycle

Figure 78 (continued). Photos of cement-stabilized specimens after wet-dry cycles
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6.5.2 Post-Thawing Performance in 2014

To evaluate the post-thawing performance of the demonstration sections after the first (2013-
2014) freeze-thaw cycle, FWD and DCP tests were conducted on April 25 and May 3, 2014,
respectively. The following sections present the weather and ground temperatures at the project
site, results of post-thawing field tests, and survey photos taken during the thawing period.

6.5.2.1 Weather and Ground Temperature Profiles

A weather station and five thermocouples at different depths were installed on November 25,
2013 to monitor the air and ground temperatures and precipitation (Figure 18). The complete set
of raw air and ground temperature data during the 2013-2014 seasonal freeze-thaw period are
shown in Figure 79.The ground temperature profiles (with air temperature at O ft depth) are
shown in Figure 80 for three different representative dates: the weather station installation date
(November 25, 2013), the coldest ground temperature date (February 11, 2014), and the post-
thawing FWD test date (April 25, 2014). The number of freeze-thaw (F/T) cycles at each depth
were counted as described in Figure 19, and are reported in Figure 80. The number of F/T cycles
generally increased with depth. Also, Figure 80 may indicate that the seasonal frost line of the
ground was just below 5 ft depth. However, the data loggers stopped working for about two
weeks, so the actual numbers of F/T cycles at each depth may be slightly higher than those
shown in the figure.
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Figure 79. Air and ground temperature data during 2013-2014 seasonal freeze-
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Figure 80. Ground temperature profiles at three different dates during 2013-2014 seasonal
freeze-thaw period

Based on the weather station and ground temperature profile data, the freezing and thawing
period can be determined for the project site by constructing the 32 °F isotherm from a contour
map of temperature vs. time and depth, as shown in Figure 81. Because the weather station and
ground temperature sensors were installed on November 25, 2013 when most of the ground was
already frozen, the portion of the isotherm above 2 ft depth was estimated in this figure. The
isotherm shows that freezing began at the ground surface around November 13, 2013, and
progressed to a depth of at least 5 ft by February 5, 2014 (since the maximum depth monitored
was 5 ft, the actual maximum depth of freezing could have been greater). The ground started to
thaw from the bottom up beginning February 15 and from the top down beginning March 12, and
progressed until the last portion of frozen subgrade at approximately 3.75 ft depth thawed around
April 21, 2014. As shown in the figure, the freezing period at the surface was approximately 119
days. The thawing period, during which time groundwater above the frozen zone cannot
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penetrate or drain downwards through the frozen zone, was approximately 40 days. During this
thawing period, the roadway surface is most susceptible to damage because excess water trapped
in the melted subgrade above the frozen zone generates high pore-water pressures under heavy
traffic loads and cannot drain through the frozen subgrade underneath (Andersland and Ladanyi

2004).
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Figure 81. 2013—-2014 ground freezing-thawing period of the project site

Rainfall data was also continuously recorded at 15 minute intervals using the weather station.
The cumulative precipitation for the month of March 2014 was 2.04 in., which increased
significantly in April to 12.88 in. (Figure 82). The maximum rainfall intensities over any 15
minute period of March and April, 2014 were approximately 1.24 and 1.96 in. per hour,
respectively.
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6.5.2.2 DCP and FWD Test Results

DCP tests were conducted on May 3, 2014 to measure the post-thawing shear strength of the
surface course and subgrade materials of the demonstration sections. The cumulative blows,
dynamic cone penetrometer index (DCPI), and DCP-CBR versus depth are shown in Figure 83
through Figure 87. All DCP tests on the clean macadam with NW-geotextile (Section 5) hit
refusal near the surface of the macadam layer between 7 and 12 in. depth, and are therefore not
shown in the figures. As previously discussed in Section 6.4.1, the aggregate and macadam
layers were combined into one layer (aggregate+macadam-+aggregate) for Sections 1-8, and the
DCP-CBRage of the macadam stone base may not fully reflect the shear strength due to the
presence of large aggregates. However, the DCP-CBR values of the surface course layers
remained relatively constant with depth, while the values for the subgrade significantly
decreased with depth, which is likely due to increasing moisture content.

The thickness of the combined surface course layer, average DCP-CBRagg Of the surface course,
and DCP-CBRsg of the subgrade are summarized in Table 23. The average DCP-CBRacc
ranged between 70% and 129% for the macadam stone base Sections 1-8, between 70% and
74% for the geogrid Sections 19A and 19B, and between 26% and 65% for the aggregate column
Sections 12 and 13 and the control sections. According to the SUDAS relative ratings of support
conditions in Table 2, the combined surface courses of the macadam sections rate as excellent or
very good, and the surface course of other sections rate from very good to below good (Table
23). The subgrade of Sections 9—20 rated as very poor, with the exception of the aggregate
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column Section 13 which rated as fair to poor. In contrast to these poor subgrade soils, the
subgrade of the macadam Sections 1-8 rated as fair to good. Also, according to the frost
susceptibility classification system in Table 3, the subgrade of the macadam Sections 1-8 had
low susceptibility, but subgrade of the other sections had high to very high susceptibility.

Because the subgrade material for all sections is the same type of backfill, the higher subgrade
DCP-CBR values beneath the macadam sections could be attributed to either the different DCP
measurement depth for the subgrade, as described in Section 6.4.1, or the improved drainage
offered by the macadam stone as well as the increased effective stress due to the surcharge of the
additional macadam stone and aggregate layers. To determine if the difference in measurement
depth was responsible for the difference, the post-thawing average DCP-CBRs¢ values for
Sections 9— 20 were re-calculated using the same smaller 20 in. depth within the subgrade used
for Sections 1-8. The resulting values for Sections 9—20 were approximately the same (within
3%). Therefore, the differences in DCP-CBRsg between the macadam and other sections can be
attributed to the improved drainage in the macadam layer and increased effective stress due to
the surcharge of the additional macadam stone and aggregate layers.

The pre-freezing (as-constructed) and post-thawing DCP test results of the first mile
demonstration Sections 1-9 are compared in Table 24. The average thickness of the surface
course layers did not change significantly between the two test periods. The DCP-CBRagg of the
reference control Section 9 decreased by 28% after thawing, and the values for Sections 6 and 7
(clean macadam and RPCC macadam) decreased by similar percentages. The DCP-CBRacs
values for Sections 1 and 2 (dirty macadam) decreased by only 10%, while the value for the
same dirty macadam base material with added NW-geotextile in Sections 3 and 4 actually
increased by 17%. Therefore, it is apparent that the NW-geotextile may result in a more
favorable change in DCP-CBRagg before and after thawing. On the other hand, this may be due
to the fact that the DCP-CBR values in Table 24 are typically lower for the layers containing the
NW-geotextile compared to the same materials without the geotextile. Additionally, the DCP-
CBRAagg Value for Section 8 (RPCC macadam with NW-geotextile) actually started out higher
than the same material in Section 7 without the geotextile pre-freezing, but then experienced the
largest decrease of 55% post-thawing and ended up lower than the value for Section 7, consistent
with Sections 3 and 4 versus 1 and 2. However, since only one to three successful DCP tests
were conducted for the macadam sections, more data are needed to verify the trends discussed
above. Also, it should be noted that despite the decreases in DCP-CBRagg Vvalues after thawing,
the surface courses of Sections 1-9 still rated as very good to excellent.

For the subgrade, on the other hand, the pre- to post-thawing DCP-CBRsc value for control
Section 9 decreased by 74%, while the value for Sections 3 and 4 (dirty macadam+NW-
geotextile) decreased by only 14%. All the other macadam base sections showed decreases
between 40% and 44%. Before the winter season, the subgrade materials in all of Sections 1-9
rated fair-to-good or very good, but after thawing they all degraded to very poor for control
Section 9, and fair to poor for the macadam sections. The subgrade of Section 5 could not be
tested due to refusal of the DCP to advance in the surface course.
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Figure 84. 2014 Post-thawing DCP test results versus depth for Sections 7-9:
(a) cumulative blows, (b) DCPI, and (c) DCP-CBR
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Figure 86. 2014 Post-thawing DCP test results versus depth for Sections 13—18:
(a) cumulative blows, (b) DCPI, and (c) DCP-CBR
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Figure 87. 2014 Post-thawing DCP test results versus depth for Sections 19A—20:
(a) cumulative blows, (b) DCPI, and (c) DCP-CBR
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Table 23. 2014 Post-thawing DCP test results of Vail Avenue demonstration sections

Surface Average DCP- Average DCP-CBRsg
Description Distance ~ Course TAh‘I’;Z";‘]%gS ngp' CBRA?;G (%) / EE?FE (W) / Sngpport Rating®/
(Section Number) (ft)  Thickness (in) (%’;GG Support (%)SG Frost Susceptibility
(in.) ' Rating® Rating*
Dirty Macadam 1,350 15.2 168.0 15.3
(Land 2) 1,750 11.8 135 90.1 1290/E 12.6 139/F-G/L
Dirty Macadam + NW- 2,600 13.9 83.1 16.4
Ge)gtextile (3and4) 2,900 12.7 13.3 922 87.7/E c6 11.0/F-G/L
Clean Macadam (6) 3,900 14.9 14.9 73.3 73.3/VG 14.5 145/F-G/L
4,300 15.2 99.0 11.8
RPCC Macadam (7) 4,400 15.3 15.2 119.7 109.4/ E 18.3 150/F-G/L
RPCC Macadam + 4,600 12.9 117.0 15.9
NW-Geotextile (8) 4.900 163 14.6 95.5 106.3/E . 12.8/F-G/L
5,050 3.3 58.5 2.1
Control (9) 5,150 5.2 4.6 83.1 64.9/VG 3.9 26/VP/H
5,280 5.2 53.0 1.8
5,407 5.9 32.3 9.1
Control (10) 5,507 4.5 5.3 23.2 26.4 / (<G) 1.3 4.0/VP/H
5,607 5.6 23.6 1.5
5,807 7.2 35.9 1.2
Control (11) 5,907 6.3 6.9 64.0 58.2/ VG 1.6 1.6/VP/VH
6,007 7.3 74.6 2.0
Aggregate Column + 6,300 6.5 47.8 2.4
Geocomposite Lining 6,375 7.7 6.4 56.2 456/G 1.6 19/VP/VH
(12) 6,450 5.0 32.7 1.6

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good, <G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to Good, P-F=Poor to Fair, VP=Very Poor
¢ ASTM D 5918-13 frost susceptibility rating: NFS=Negligible, VL=Very Low, L=Low, M=Medium, H=High, VH=Very High
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Table 23 (continued). 2014 Post-thawing DCP test results of Vail Avenue demonstration sections

Surface Average DCP- Average DCP-CBR
Description Distance Course TAF]\_/erage DCP- CBRA?;G (%) / DCP- (%) / S?Jpport Ratingj%/
. . ickness CBRagg CBRsc A
(Section Number) (ft) Thlgkness (in.) (%) Sup_port (%) Frost Susgeptlblllty
(in.) ' Rating® Rating®
6,700 4.2 20.5 13.0
Aggregate Column (13) 6,775 7.6 5.1 29.6 29.5/(<G) 4.5 7.2/ P-FIM
6,850 3.6 38.3 4.1
7,007 2.9 48.9 2.0
Control (14) 7,107 5.2 4.7 31.6 30.8/G 2.2 1.8/VP/VH
7,207 6.1 12.0 1.2
7,607 4.6 88.6 4.7
8,207 6.6 13.9 53
Control (15-18) 8 807 46 51 26.3 545/VG 44 40/VP/H
9,407 4.7 39.3 1.6
BX-Geogrid + NW- 9,780 10.2 56.5 2.0
Geotextile (19A) 9,860 9.6 9.6 68.3 74.0/ VG 51 39/VP/H
9,935 8.9 97.2 4.7
10,085 6.6 92.2 4.6
BX-Geogrid (19B) 10,160 8.0 7.5 65.9 70.0/ VG 2.6 3.3/VP/H
10,235 7.7 52.0 2.9
10,357 6.3 31.6 1.6
Control (20) 10,407 4.6 4.9 18.6 39.1/G 2.2 20/VP/IH
10,457 3.7 67.0 2.3

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good, <G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to Good, P-F=Poor to Fair, VP=Very Poor
¢ ASTM D 5918-13 frost susceptibility rating: NFS=Negligible, VL=Very Low, L=Low, M=Medium, H=High, VH=Very High
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Table 24. Comparison between pre-freezing (as-constructed) and 2014 post-thawing average DCP test results for Sections 1-9

Average Thickness of

- - [0)
Combined Surface Course Average DCP-CBRacs  Average DCP-CBRs (%)

o _ : (%) / Rating® / Rating®
Description (Section Number) (in.)
As- Post-Thawin As- Post- As- Post-
Constructed 9 Constructed Thawing Constructed  Thawing
Dirty Macadam (1 and 2) 13.3 135 1438/ E 1290/ E 240/VG 139/ F-G
Dirty Macadam + NW-Geotextile 13.3 13.3 748/VG  87.7/VG  128/F-G  11.0/F-G
(3and 4)

Clean Macadam(;) NW-Geotextile 15.8 B 76.8 / VG B 17.4 | F-G B
Clean Macadam (6) 14.3 14.9 96.7/E 73.3/VG 259/VG 145/ F-G
RPCC Macadam (7) 13.8 15.2 148.7/ E 1094 /E 249/VG 15.0/ F-G
RPCC Macada”zg; NW-Geotextile 15.1 14.6 2339/E  1063/E  229/VG  128/F-G

Control (9) 4.9 4.6 90.0/E 64.9/VG 105/ F-G 26/VP

4 SUDAS relative support condition rating for subbase (Table 2): E=Excellent, VG=Very Good, G=Good, <G=below Good

b SUDAS relative support condition rating for subgrade (Table 2): E=Excellent, VG=Very Good, F-G=Fair to Good, P-F=Poor to Fair, VP=Very Poor
— All of the post-thawing DCP tests conducted on this section hit refusal.

131



FWD tests were also conducted on April 25, 2014 to measure and compare the post-thawing
stiffness of the sections. The FWD and DCP test results of the first and second mile sections are
compared in Figure 88 and Figure 89, respectively. The Erwp-composite aNd Erwp-acc Values of the
macadam sections generally exhibited higher post-thawing values than control Section 9 (Figure
88a and Figure 88b), which agrees with the DCP results discussed above. However, the Erwp-
composite aNd Erwp-ace Of the macadam sections with NW-geotextile (Sections 3 and 4, 5, and 8)
were lower than the corresponding sections without the NW-geotextile (Sections 1 and 2, 3, and
7). Thus, the improvement in drainage offered by the NW-geotextile comes with a trade-off of
lower composite stiffness of the granular surfaced road systems. For the subgrade, the Epwp-sc
values were relatively constant at around 7 ksi except for Sections 5 and 6, which were relatively
higher at over 10 ksi (Figure 88c). The trends of DCP-CBR values generally agreed well with the
moduli from FWD tests, for both the combined surface course and subgrade materials (Figure
88b and Figure 88c).
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Figure 88. 2014 Post-thawing FWD and DCP results for Sections 1-9: (a) Erwp-composite;
(b) Erwp-ace and DCP-CBRagg of combined surface course, and (¢) Erwp-sc and DCP-
CBRsg of subgrade
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For the second mile demonstration Sections 1020, the Erwp-composite, EFwp-aca, and Erwp-sc
results are shown in Figure 89. Because the chemical stabilization Sections 15—18 had not yet
been constructed at the time of testing in 2014, they were still considered control sections during
these tests. Some test points of Sections 13, 14 and 16 were so soft that the road surface
deflections under the 12,000 Ib FWD load exceeded the measurement capacity of the FWD, so
their moduli could not be calculated. The test results in Figure 89 show that the back-calculated
Erwp-composite 8Nd Erwp-ace Of the BX-geogrid Section 19B were higher than the other sections in
the second mile, and the Erwp-acc Values of Section 19B were similar to those of the clean
macadam Section 6 (Figure 88b). However, the BX-geogrid with NW-geotextile in Section 19A
did not result in significant improvement in Erwp-ace. Also, the aggregate column Sections 12
and 13 did not result in a significant change in DCP or Erwp-acs, Which is to be expected as the
columns are widely spaced on a 12 ft-offset grid, and the aggregate backfill was not compacted.
The purpose of the aggregate columns was not to increase the stiffness or modulus of the surface
course or subgrade, but to provide drainage basins to reduce the occurrence of frost boils.
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Figure 89. 2014 Post-thawing FWD and DCP results for Sections 10-20: (a) Erwb-composite,
(b) Erwp-ace and DCP-CBRagg of surface course, and (¢) Epwp-sc and DCP-CBRgg of
subgrade (Sections 15-18 not yet stabilized at time of tests)
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To evaluate the freeze-thaw durability of the first mile sections, the pre-freezing (as-constructed)
and post-thawing FWD test results are directly compared in Figure 90. The results show very
repeatable trends between the two test periods, and the average modulus of both the surface
course and subgrade of each section was reduced by approximately 10%—40%. Based on the
Erwb-composite aNd Erwp-acs Values, the clean macadam Section 6 showed the best freeze-thaw
durability among Sections 1-9, and the dirty macadam Sections 1- 4 yielded the largest modulus
reductions.
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Statistical boxplots of the pre-freezing and 2014 post-thawing FWD test results for the first mile
sections are shown in Figure 91. For both the 2013 pre-freezing (as-constructed) and 2014 post-
thawing FWD tests, it can again be seen that the macadam sections with NW-geotextile yielded
lower Erwp-composite Values than the corresponding sections without NW-geotextile. However, the
sections with NW-geotextile had smaller Epwp-ace reductions after thawing, which may imply
the NW-geotextile placed between the macadam stone base and surface aggregate can bring long
term benefits such as preventing the base macadam stone from being contaminated by fines from
the surface course, and improving subsurface drainage. As mentioned above, the smaller
reduction could also be a result of the lower starting modulus values for the sections with NW-

geotextile.
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Figure 91. Summary boxplots of 2013 pre-freezing and 2014 post-thawing FWD test results
for Sections 1A-9: (a) Erwp-composites (0) Erwp-aca, and (€) Erwp-sc
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6.5.2.3 Survey Photographs

Survey photographs were taken during the 2014 thawing period for a visual comparison of the
road surface conditions of the various control and stabilized demonstration sections. A group of
survey photos taken on March 11, 2014 are shown in Figure 92. The photos show that the
surfaces of the macadam Sections 1-8, BX-geogrid with NW-geotextile (Section 19A), and BX-
geogrid (Section 19B) had much less rutting than the control sections. The other groups of
survey photos can be found in Appendix C.

Rutting was observed for the control sections and intersections in Figure 92. However, the
rutting depth was only about 0.5 in., and the problem was mainly a muddy surface. The Hamilton
County Engineer reported observing frost boils in previous years near the drainage tile crossing
between the aggregate column Sections 12 and 13. Minor rutting near the shoulders can be seen
for the aggregate column sections in Figure 92. However, no frost boils were observed in this
area in the 2013-2014 or 2014-2015 freeze-thaw cycles, indicating that the aggregate columns
were effective in minimizing the occurrence of frost boils in this area.
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Figure 92. Survey photos of Vail Avenue demonstration sections (March 11, 2014)




6.5.3 Post-Thawing Performance in 2015

To compare the post-thawing performance of the demonstration sections in 2015, MASW tests
were conducted on the fly ash and cement Sections 16 and 17 on March 20, and FWD tests were
conducted all sections on March 28, 2015. Weather and ground temperature data were also
recorded continuously, and survey photos were taken at several times during the second seasonal
freeze-thaw cycle.

6.5.3.1 Weather and Ground Temperature Profiles

The air and ground temperatures were recorded continuously during the second (2014-2015)
seasonal freeze-thaw period of the project. The raw air and ground temperature data during the
freeze-thaw period (November 1, 2014 to March 28, 2015) are shown in Figure 93. Ground
temperature profiles are shown in Figure 94 for three different dates: the highest ground
temperature date (August 22, 2014), the coldest ground temperature date (February 27, 2015),
and the date of the second seasonal post-thawing FWD tests (March 28, 2015). The number of
freeze-thaw (F/T) cycles shown in Figure 94 generally decreased from 2 ft to 5 ft depth. Figure
94 also indicates that the seasonal frost line of the ground was between 4 and 5 ft depth.
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Figure 93. Air and ground temperature data during 2014-2015 seasonal freeze-thaw period
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Figure 94. Ground temperature profiles at three different dates during 2014-2015 seasonal
freeze-thaw period

The 2014-2015 freezing period, shown by the intersection of the 32 °F isotherm with the ground
surface in Figure 95, was approximately the same duration as the 2013-2014 freezing period
(also shown in Figure 95 for reference). However, the 2015 thawing period was shorter at only
23 days, the maximum frost penetration depth was only 4 ft, and the last portion of frozen
subgrade finally thawed at approximately 2.5 ft depth on or around March 30, 2015.
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Figure 95. 2014-2015 ground freezing-thawing period of the project site compared with the
2013-2014 period

Rainfall data was also continuously recorded at 15 minute intervals using the weather station.
The cumulative precipitation for the month of March 2015 was 0.72 in (compared to 2.04 in. for
2014), which increased in April to 3.22 in. (compared to 12.88 in. for 2014), as shown in Figure
96. The maximum rainfall intensities over any 15 minute period of March and April, 2015 were
approximately 0.24 and 1.2 in. per hour, respectively. Overall, the 2015 thawing period was
much drier than the 2014 period.
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6.5.3.2 FWD Test Results

Results of FWD tests conducted on October 20, 2014 before the winter freeze and on March 28,
2015 after the spring-thaw are shown in Figure 97 and Figure 98 for the first and second mile,
respectively.
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The results show very repeatable trends between the two test periods. The Erwp-composite 2Nd
Erwp-sc modulus values did not reduce as significantly as during the 2013-2014 seasonal freeze-
thaw cycle. However, the surface course modulus Erwp-acc Of the clean and RPCC macadam
Sections 6 and 7 showed greater reductions than the other macadam sections during this freeze-
thaw cycle (Figure 97b). For the second mile sections, some test points (especially in Sections
13, 14, 18 and 20) were extremely soft and the surface deflections exceeded the measurement
capacity of the FWD, so moduli could not be calculated for these locations. The fly ash- and
cement-stabilized sections showed much higher Erwp-composite 2N Erwp-acc Values than the other
sections. This was the first freeze-thaw cycle for the three chemically stabilized sections, and
their surface course moduli Erwp-ace reduced significantly compared to the other sections.

Statistical boxplots of the pre-freezing and post-thawing FWD test results for all sections are
shown in Figure 99.
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Figure 99. Summary boxplots of 2014 pre-freezing and 2015 post-thawing FWD tests on all

sections: (&) Erwp-composite; (0) EFwp-ace, and (¢) Erwp-se

The composite Erwp-composite aNd surface course Epwp-ace Values of the macadam Sections 1-8

were similar, and were much higher than the control sections. The fly ash- and cement-stabilized
Sections 16 and 17 also had much higher Erwp-composite Values than the control sections, but 2014-

2015 was their first freeze-thaw cycle and they experienced greater reductions in Epwp-ace than

the macadam sections. The bentonite, BX-geogrid with NW-geotextile, and BX-geogrid sections

(Sections 15, 19A, and 19B) showed slightly higher Erwp-composite ad Erwp-ace Values than the

control sections, while the aggregate column Sections 12 and 13 and geocomposite drain Section

18 had stiffnesses similar to the control sections.
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6.5.3.3 MASW Test Results

MASW tests were performed on the fly ash- and cement-stabilized sections to measure the post-
thawing small-strain elastic modulus of the surface course materials (Emasw-acs), and for
comparison to the values measured during curing (Figure 100). The test results show that the
average Emasw-acc Of the cement-stabilized surface course reached a maximum 20 days after
construction, and decreased only slightly after the seasonal freeze-thaw cycle. Similarly, the
average stiffness of the fly ash-stabilized section reached its maximum 18 days after
construction, and remained relatively unchanged after the seasonal freeze-thaw cycle. The
measurement values for the cement section also showed much more statistical variation than
those of the fly ash section. The relative trends of MASW and FWD results were generally in
agreement (with MASW modulus higher due to the smaller strain levels), but the average value
and range of FWD modulus for the fly ash-stabilized Section 16 were much lower than the
MASW values.
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Figure 100. Boxplots of surface course modulus of fly ash- and cement-stabilized sections
from MASW and FWD tests during curing and after 2014-2015 seasonal freeze-thaw cycles
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6.5.3.4 Survey Photos

Survey photos were also taken for the demonstration sections during freeze-thaw period of 2014-
2015 to monitor and visually compare roadway surface conditions. Five groups of survey photos
taken during this period can be found in Appendix C. The roadway surfaces of all sections in the
thawing period of 2015 were generally in better condition than the thawing period of 2014. This
is likely a result of the shorter thawing period, shallower maximum frost penetration depth, and
lower precipitation in 2015 (see Figure 95 and Figure 96). However, the dirty macadam with
chloride Section 2 showed a significant amount of ice lenses on the roadway surface during the
winter freezing period (Figure 101a), which cannot be easily bladed off. During the thawing
period, the chloride-treated Section 2 yielded many more potholes and much more washboarding
(Figure 101b) compared to the other dirty macadam sections without the chloride treatment.
Bergeson and Wahbeh (1990) found that chloride treatments are prone to potholes and
washboarding due to maintenance restrictions. However, based on visual observations in this
study during the freezing and thawing period, the potholes and washboarding may be caused by
nonuniform chemical concentrations. Areas of high chemical concentrations with high osmotic
potential can cause a significant amount of water transportation and accumulation, so the spots
containing more ice lenses during freezing may have higher chemical concentrations, making
them more prone to potholes and washboarding during thawing due to the heavy traffic loads and
high pore-water pressures.

The geocomposite drain Section 18 suffered significant rutting (up to 4 in.) and depressions at
some spots after the 2015 thawing period (see Figure 102). The Hamilton county maintenance
department reported that the damage was caused by frost boils in the subgrade, because the
damaged areas were very soft and spongy. The frost boils created soft spots that resulted in
depressions, which further exacerbated the situation as water accumulated in the depressions
instead of draining to the ditches. The significant rutting could have been caused by bearing
capacity failure under wheel loads, due to the upper geosynthetic layer of the geocomposite
providing good separation, but less shear resistance and lateral restraint at the base of the surface
aggregate layer, compared to the typical scenario of the surface aggregate getting pressed into
the subgrade. However, this problem requires further study to better understand the failure
mechanisms involved. To correct the rutting in Section 18, approximately 80 tons of virgin
aggregate was dumped on this section and bladed on June 12, 2014, approximately one week
after construction. For the economic analysis in this study, the labor and materials costs for the
virgin aggregate on Section 18 were therefore considered to be a construction cost rather than a
recurring maintenance cost, because the original rock cover was not sufficient.

For the geogrid with geotextile Section 19A, the geosynthetics were exposed at several spots
near the centerline after the second freeze-thaw cycle, as shown in Figure 103. This section was
constructed on October 1, 2013, with a nominal 8 in. surface aggregate layer. Similar damage
was also observed for a few spots of the macadam sections with the NW-geotextile. This damage
was caused by degradation and/or loss of the surface aggregate, and the surface aggregate layer
was thinnest at the centerline.
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Figure 101. Surface conditions of dirty macadam plus chloride Section 2 during (a) freezing
period (February 24, 2015) and (b) thawing period (March 10, 2015)
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Figure 102. Surface condition of geocomposite drain Section 18 showing rutting
(April 21, 2015)

Figure 103. Surface condition of BX-geogrid+NW-geotextile Section 19A showing exposed
geosynthetics (May 20, 2015)

149



During the 2015 thawing period, the surface aggregate of the dirty macadam with bentonite
Section 1B was much drier and tighter than the other sections (Figure 104). Representative
surface aggregate specimens were collected from Sections 1A and 1B on April 4, 2014 to
compare the gradation and plasticity of the two materials. The test results showed that the surface
aggregate mixed with bentonite had more fines as expected (Figure 105). The surface aggregate
of the dirty macadam Section 1A was non-plastic, whereas the plasticity index of the better
performing Section 1B with bentonite was equal to 18. Detailed soil index properties for the
samples from Sections 1A and 1B are summarized in Table 25.

#2 Dirty Macadam+Chloride #1B Dirty Macadam+Bentonite
A-2-6(0) (USCS: GC)

Percent of fines = 14.3%
Percent of clay = 5.0%

LL=30, PL=12, and PI=18

#1A Dirty Macadam
A-1-a (USCS: GP-GM)
Percent of fines = 9.9%
Percent of clay = 1.8%
Pl =NP

Figure 104. Surface conditions of dirty macadam, dirty macadam with bentonite, and
calcium chloride Sections 1A, 1B, and 2 during 2015 thawing period (March 28, 2015)
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Figure 105. Particle size distribution curves of surface aggregate from dirty macadam
Section 1A and dirty macadam with bentonite Section 1B

Table 25. Soil index properties of surface aggregate from dirty macadam Section 1A and
dirty macadam with bentonite Section 1B

Dirty Macadam Dirty Macadam with

Parameter Section 1A Bentonite Section 1B
Particle-size analysis results (ASTM D 422-03)
Gravel content (%) 55.0 55.2
Sand content (%) 35.1 30.5
Silt content (%) 8.1 9.3
Clay content (%o) 1.8 5.0
D1o (Mm) 0.077 0.019
D3o (Mm) 1.876 1.627
Deo (Mm) 7.949 8.174
Coefficient of uniformity, c, 103.74 423.79
Coefficient of curvature, ¢, 5.78 16.79

Atterberg limits test results (ASTM D 4318-10e1)

Liquid limit (%) 30

Plastic limit (%) NP 12
AASHTO and USCS soil classification (ASTM D 2487-11 & D3282-09)
AASHTO classification A-1-a A-2-6(0)
USCS classification GP-GM GC
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6.5.3.5 SEM Results

Representative surface course samples were collected from the dirty macadam Section 1A, dirty
macadam with chloride Section 2, bentonite-stabilized Section 15, fly ash-stabilized Section 16,
and cement-stabilized Section 17 on May 19, 2015, approximately eight months after
construction of the chemically stabilized sections. Scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) was performed on the samples to compare their
microstructural features and relative chemical proportions. All of the samples were first sieved
through a No. 10 sieve and oven dried at a temperature of 100 °F for seven days.

The dirty macadam Section 1A was used as a control (untreated) sample, and showed high Ca
and Mg content (Figure 106). The chemical compositions of typical lowa limestone and typical
lowa dolomite as reported in Bergeson et al. (1995) are shown in Table 26. The limestone has an
MgO content of only 0.3-4.3%, while the dolomite has a much higher MgO content of
13.2-18.8%. The x-ray spectra data therefore may indicate that the surface course material for
the macadam-based sections was dolomite (CaMg(CO3),) mixed with some limestone (CaCO3)
and alumino-silicates.

To compare the relative chemical proportions of the chemically treated surface course samples,
the x-ray spectra for the different samples were normalized to the background in Figure 106a,
and to Ca content in Figure 106b. However, normalizing to the background probably provides a
better comparison, because the Ca content might change due to the different treatments and
different surface course materials (i.e., the subgrade plus surface aggregate (SG+AGG) mixture
for the fly ash- and cement-stabilized sections had 63% subgrade and 37% aggregate by
volume).

For the dirty macadam with chloride Section 2, the sample was quite similar to the control
sample (Figure 106a). As explained previously, the chloride treatment was sprayed by a local
resident in summer 2014 for dust control, so the type and concentration of the liquid chloride
was unknown. Compared to the control sample, the chloride-treated sample showed higher ClI
and Mg and lower Ca content, indicating that the treatment may have been magnesium chloride
rather than calcium chloride. However, the change in Mg was small, and Hamilton County does
not allow the use of Magnesium Chloride, so the slight increase in Mg could therefore be due to
sample variability and the Mg present in the dolomite. The chloride section sample was collected
about one year after the treatment. However, based on the x-ray spectra and visual observations,
the chloride treatment was still effective for dust control.

The bentonite Section 15 was constructed approximately one year after the macadam-based
sections, and its surface course consisted of both existing and virgin aggregate. Compared to the
control sample, the Section 15 sample showed lower Mg and higher Si and Al content as
expected, because the bentonite used for this section had 59% SiO, and 21% Al,O3 (Table 12).
Also, based on visual observations, the bentonite was still capable of dust reduction even after
one seasonal freeze-thaw cycle.
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Figure 106. Comparison of X-ray spectra normalized to (a) background and (b) Ca content
for the different surface course materials (collected at 50x magnification of SEM scan area)
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Table 26. Chemical composition of typical lowa limestone and dolomite (Bergeson et al.
1995)

Chemical Typical lowa Typical lowa
Composition  Limestone Ranges Dolomite Ranges
SrO; 0.02-0.04 0.01-0.02
MgO 0.29-4.34 13.18-18.84
CaO 47.40-54.89 29.76-34.38
Fe,O3 0.16-0.60 0.20-0.94
TiO, <0.01-0.02 0.01-0.03
SiO, 0.16-3.99 0.76-2.83
SO; <0.01-0.20 <0.01-0.27
K20 0.01-0.14 0.06-0.18
P,0s <0.01-0.03 <0.01-0.07
Al,O3 0.05-0.40 0.16-0.48
MnO 0.01-0.05 0.02-0.05
LOI® 42.30-44.10 45.00-46.80

4LOI = loss on ignition @ 950°C

The surface courses of the fly ash- and cement-stabilized sections were SG+AGG mixtures, SO
their high Si and Al contents may be due to both the chemical stabilizers and subgrade materials.
However, x-ray diffraction would be required to conclusively identify the sources of the Si and
Al. Compared to the control sample, the fly ash treatment also led to increases in Fe, Na, and K,
and reductions in Mg and Ca, as expected. The cement-treated sample also showed higher Al and
Si and K content, but the Ca content was approximately the same as the fly ash-treated sample,
possibly due to a low cement content in the collected sample because of non-uniform mixing
during construction.

Representative SEM images were selected to visually compare the effectiveness of the chloride
and bentonite treatments for dust control (Figure 107). Compared to the control and chloride-
treated samples, the bentonite-treated samples had many more small particles adhered to the
larger particles. However, based on the visual observations in the field, both the chloride- and
bentonite-treated sections generated much less dust than the other sections, and the chloride-
treated section showed the best performance. The two dust control methods use different
principles, with bentonite functioning as an “electrochemical glue” to bond small particles to
large particles, and magnesium chloride causing high osmotic potential to hold or absorb
moisture from the environment to the road surface even under natural hot and dry conditions.
However, the fact that the SEM images for the oven-dried chloride-treated samples showed
fewer small particles adhering to the larger particles may be because they could not absorb
moisture due to the extreme dryness in the oven, and some small particles were therefore blown
away by compressed air in the SEM preparation process.
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Figure 107. SEM images (1500x magnification) of (a and b) dirty macadam, (c and d) dirty
macadam with chloride, and (d and e) bentonite-treated surface course samples
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SEM images were also taken for surface course samples from the fly ash- and cement-stabilized
Sections 16 and 17 to observe hydration of the chemical stabilizers and ettringite formation in
the fly ash-stabilized material. For the fly ash-stabilized samples, very few intact (unhydrated)
fly ash spheroids and no needle-like ettringite structures can be seen in Figure 108a and Figure
108b. Unhydrated fly ash could bring some long-term benefits as the pozzolanic reactions would
continue, but long-term performance monitoring would be required to assess this. For the
cement-stabilized samples, unhydrated cement particles were not observed in Figure 108d and
Figure 108e. Also, the low Ca content (see Figure 106) might be a result of the collected samples
having a very low cement content due to non-uniform mixing during construction, or because
they might have been collected mainly from the wearing surface used to cover the chemically-
stabilized materials after mixing.

\ W I spot K essure e B-p'm e HV mag pot| det | mode | pressure —_— 5 pgm —
10.00 1mm 5000x 45 CBS|ZCont 30Pa 10.00 K’ 5000x 45 CBS|ZCont|1.21e-3 Pa

Figure 108. SEM images (5000x magnification) of surface course samples from (a and b) fly
ash and (c and d) cement-stabilized sections
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6.6 Construction Costs and Economic Analysis

To evaluate the relative cost-effectiveness of the various stabilization technologies for mitigating
freeze-thaw damage, the construction costs and maintenance work-orders for the demonstration
sections were documented by the Hamilton County secondary roads department.

6.6.1 Construction Costs

The construction costs are summarized in Figure 109 and detailed in Table 27. Since milling of
the chemical stabilizers was performed by Manatts Inc., the labor and equipment costs were
billed as a lump sum. For the macadam sections with bentonite (Sections 1B and 3), the
construction costs were $18.5 and $20.2 per square yard. Construction costs for the other
macadam sections ranged between $8.6 and $10.1 per square yard. However, the significantly
higher labor and equipment costs for the two macadam sections with bentonite could be greatly
reduced if the county secondary roads department were to perform the mixing using existing
equipment such as dump trucks, motor graders, and water trucks. Detailed construction
procedures and equipment for macadam construction were recommended in Bergeson et al.
(1995). The calcium chloride in Section 2 was purchased and applied by a local resident for dust
control, so the related material and labor costs were estimated by the County Engineer based on
previous experience.
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Figure 109. Construction costs ($/sq. yd.) of the Vail Avenue demonstration sections
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Table 27. Breakdown of construction costs for the Vail Avenue demonstration sections ($/sq. yd.)

Description (Section Number) Labor Equip- Macadam Choke Road Geosyn- Stabilizer Total

ment stone  Stone  thetic Cost
Dirty Macadam (1A) 0.47 0.82 4.03 2.25 1.62 - - 9.19
Dirty Macadam+Bentonite (1B) 6.36° 4.03 2.25 3.00 - 2.90 18.54
Dirty Macadam+Calcium Chloride (2) 0.47 0.82 4.03 2.25 1.62 - 0.15° 9.34
Dirty Macadam +NW-geotextile (3) 0.47 0.82 4.03 2.25 1.62 0.80 - 9.99
Dirty Macadam+NW-geotextile+Bentonite (4) 6.68° 4.03 2.25 3.97 0.80 3.09 20.82
Clean Macadam+NW-geotextile (5) 0.47 0.82 4.13 2.25 1.62 0.80 — 10.09
Clean Macadam (6) 0.47 0.82 4.13 2.25 1.62 - - 9.29
RPCC Macadam (7) 0.47 0.82 2.63 2.25 1.62 - - 7.79
RPCC Macadam+NW-geotextile (8) 0.47 0.82 2.63 2.25 1.62 0.80 - 8.59
Aggregate columns w/ geocomp. linings (12) 0.76 0.17 — - 0.11 0.33 - 1.37
Aggregate columns (13) 0.46 0.17 - - 0.11 - - 0.74
Bentonite (15) 3.86° -~ —~ 1.65 —~ 3.14 8.65
Fly ash (16) 3.86° - - 0.28 - 2.78 6.92
Cement (17) 3.86° — — 0.28 — 3.15 7.29
Geocomposite drain (18) 1.13 1.70 - - 2.35 4.75 - 9.93
BX-geogrid+NW-geotextile (19A) 1.49 1.79 - - 1.82 1.74 - 6.84
BX geogrid (19B) 1.49 1.79 - - 1.82 0.94 - 6.04

& Milling of chemical additives was performed by Manatts, Inc., so labor and equipment costs were billed as a lump sum.

b Because the calcium chloride was sprayed by a local resident, quantity and total costs (i.e., material, equipment, and labor) were estimated by the County

Engineer based on previous experience.
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6.6.2 Maintenance Costs

In this section, the maintenance records from 2014 and 2015 are used to estimate annual
maintenance costs per square yard for the demonstration sections. Through personal
communication, the Hamilton County Engineer provided estimated annual maintenance costs for
the two-mile stretch of Vail Avenue for years prior to the present project. However, the
estimated costs do not include any overhead or engineering administration costs. This stretch of
roadway was previously the most heavily used one in Hamilton County, requiring an estimated
350 tons of virgin aggregate per mile annually to maintain. The cost of the virgin aggregate
varied been between $10 and $15 per ton in recent years, which includes the cost of hauling from
the quarry to a county stock-pile, but not the cost of loading and hauling material to the site. To
account for local hauling costs, the higher $15/ton rate was used to estimate the maintenance
costs prior to building the stabilization demonstration sections. Also, the road required two
bladings per week during heavily used harvest and planting seasons (approximately 4 months of
the year), and each blading usually required approximately one hour per mile of labor and grader
time. Calcium chloride liquid was also applied annually for stabilization, at a total cost of
approximately $0.16 per square yard. The unit costs for the materials, equipment, and labor
provided by the Hamilton County Engineer are summarized in Table 28. Based on this
information, the previous yearly maintenance cost of the Vail Avenue section between 310th and
330th streets was estimated at $0.84/sq. yd., as shown in Table 29.

Table 28. Unit costs for materials, labor and equipment

Category Unit Cost
Virgin aggregate $15.00/ ton
Average labor $31.00/ hr

Truck $53.71/ hr

Motor Grader $64.09 / hr

Loader $49.03/ hr
Chloride Stabilization $0.16 / sq. yd.

The maintenance records for the demonstration sections show that blading of the entire two-mile
stretch of Vail Avenue was conducted three times during the thawing period of 2014. This was
much less than required in previous years, as explained above. For the geocomposite drain
Section 18, however, two maintenance work orders to spread additional aggregate and blade the
surface due to excessive rutting were completed on June 12 and June 17, 2014. Since the
additional aggregate was needed only one week after construction of Section 18 to remedy
excessive rutting, these costs were considered one-time incremental construction costs rather
than recurring maintenance costs. On November 6, 2014, two truckloads of virgin aggregate
were spread on the clean macadam with NW-geotextile Section 5, and one truckload was spread
on the RPCC macadam with NW-geotextile Section 8 to cover the exposed geotextile. On
January 20, 2015, seven truckloads of aggregate were dumped and bladed for the fly ash Section
16 due to significant rutting after a short period of unusually warm weather (see Figure 93) and
rainfall. During the thawing period of 2015, two truckloads of aggregate were dumped on
Section 3 and 4 to cover exposed geotextile on March 5, 2015. Up through the last date of data
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collection on April 28, 2015, only one motor grader blading was conducted during the thawing
period of 2015.

Prior to 2013, the two-mile stretch of Vail Avenue required dumping and blading 350 tons of
virgin aggregate per mile annually. After constructing the demonstration sections, only those
sections having geocomposite, NW-geotextile, and fly ash required dumping and blading of
virgin aggregate. Otherwise, blading of the entire two-mile stretch was only needed three times
in 2014, and was only needed one time in the first quarter of 2015 (Table 29). Based on these
outcomes, several of the stabilization technologies demonstrate the potential to significantly
reduce the annual maintenance costs for such heavily traveled roads.
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Table 29. Estimated annual maintenance costs for years prior to stabilization in 2013, and for stabilization demonstration

sections in 2013-2015

Date Description Section Name Material Equipment Labor Chloride  Total Cost
b (Section Number) Cost Cost Cost Cost® Cost  /sq.yd.
Per year . . .
priorto  Maintenance costsbasedon - Permile of Vail g 55 g3849  $2077  $2707  $13,883  $0.845
2013 previous experience Avenue
Sprin Total of three bladings . S
o014 (assumed 1 hr per mile) Entire 2 miles NA $385 $186 - $571  $0.017
Dumping 2 truckloads
11/6/2014  virgin aggregate and 0.7 hr Clean Maca(_jam N $600 $197 $114 — $911 $1.171
: NW-geotextile (5)
blading
Dumping 1 truckload virgin  RPCC Macadam +
11/6/2014 aggregate and 0.3 hr blading  NW-geotextile (8) $300 $100 $57 - $457 30309
Dumping 7 truckloads
1/20/2015  virgin aggregate and 3 hrs Fly ash (16) $2,100 $1,209 $698 - $4,007  $2.146
blading
Dumping 2 truckloads Sections with NW-
3/5/2015  virgin aggregate and 0.5 hr  geotextile (3 and $600 $238 $140 - $977 $0.209
blading 4)
4/27/2015 1.5 hrs blading Entire 2 miles ® NA $96 $47 - $143 $0.004

Total cost including material, labor, and equipment estimated by Hamilton County Engineer
b Estimated based on personal communication with Hamilton County Engineer.
¢ Motor grader blading was conducted on the entire two mile stretch of roadway.
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To determine the number of years until each technology would begin to provide cost savings
(i.e., the break-even points) relative to continuation of previous maintenance practices, the
construction costs and estimated annual maintenance costs were combined to determine
cumulative yearly costs for the different stabilization technologies. These costs were then
compared to the estimated annual maintenance costs from previous years for the unimproved
two-mile stretch of Vail Avenue (Figure 110). For an accurate life-cycle analysis, it would be
best to monitor the demonstration sections over several years to obtain more accurate average
annual maintenance costs. However, the existing performance data through two freeze-thaw
cycles can also be used to extrapolate out several years if the maintenance costs in Table 29 are
assumed to hold constant.

The average annual maintenance costs for the first two years were calculated from the
maintenance records during the project. The initial construction costs shown in Table 27 and
Figure 109 were combined with the estimated annual maintenance costs for the various
demonstration sections, and projected over a twenty-year period. Inflation and depreciation were
not accounted for in the break-even analysis, because interest rates are variable from year to
year, and blading was performed on the entire two-mile stretch at once since it was not practical
for operators to record the amount of blading needed in each individual demonstration section.
The maintenance costs of blading per square yard are therefore the same for all demonstration
sections. However, some sections did require dumping of virgin aggregate while others did not,
which results in different estimated annual maintenance costs. Additionally, it is assumed that
the same interest rates would apply to the maintenance costs in the various sections. All cost
comparisons were therefore done in terms of present-day dollars rather than future values. If
future values of the present-day construction costs were considered, the break-even periods
would be somewhat shorter.

The results are shown in Figure 110. The cost shown at 0 years is the construction cost for each
section, which is $0 for the current maintenance practice. The results show that compared to the
costs of current maintenance practices, the aggregate column Sections 12 and 13 reached the
break-even point within only two years of construction. After the break-even points, the
cumulative cost would be less than the cost of continuing current maintenance practices. Most of
the other sections, except for Sections 1B, 3, 4, 5, and 16 reached break-even points between 9 to
17 years after initial construction. For the macadam sections with bentonite (Sections 1A and 4),
the construction costs were very high due to the labor costs of milling the bentonite as performed
by Manatts Inc. As mentioned previously, these construction costs could be reduced if this work
was performed by the county secondary roads department using their existing equipment.

Based on Figure 110, all of the macadam sections with NW-geotextile (Sections 3, 4, 5, and 8)
required higher maintenance costs than the corresponding sections without the NW-geotextile,
because virgin aggregates were dumped and bladed to cover some exposed geotextile. Also, the
county maintenance crew reported that the geosynthetics placed below the surface aggregate
caused maintenance restrictions, because to avoid damage the geosynthetics, the scarifier of the
motor grader could not be used to break down the crust and reshape the roadway surface for
these sections. The fly ash Section 16 did not require any additional maintenance beyond that
performed on January 20, 2015, and the road conditions were similar to the cement-stabilized
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Section 17 during the 2015 thawing period. Therefore, the projected maintenance costs may be
overestimated for Section 16.
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Figure 110. Projected cumulative (construction + annual maintenance) costs for the (a) first
mile and (b) second mile stabilization sections, compared to cumulative cost of continuing
pre-2013 maintenance practices
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The construction costs of various stabilization methods may initially give the impression of
being expensive. However, they should be viewed as an investment that will provide savings
relative to current maintenance practice after a break-even point several years in the future.
Additionally, other long-term economic and non-economic benefits will be realized such as
significantly improved ride quality, and foundations that can serve as good base layers for future
overlays or paved surface upgrades, especially for the macadam bases.

The basic economic analysis presented in this study could be improved by considering a life-
cycle analyses and incorporating the overhead and engineering administration costs and time-
value of money (i.e., present and future values considering interest and inflation). However,
lifespan data is not currently available for all the variations of stabilization technologies
examined in this study. Also, the actual long-term performance of the various sections as well as
the related maintenance costs may differ from those observed over the 24 month period of this
study. To determine more accurate annual maintenance and life-cycle costs, the project sections
should be monitored and their performance and maintenance costs analyzed over a longer period.
With such data, the most economical and effective stabilization methods in the long-term can be
more clearly identified.

164



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the key findings from construction, laboratory tests, field tests, weather
and performance monitoring, and economic analysis for the Vail Avenue demonstration sections.
Recommendations for future research and implementation are also provided.

7.1 Construction Processes and Requirements

Based on the observations of construction processes, most of the mechanical stabilization
methods can be easily implemented by county secondary roads departments with existing crews
and equipment. However, a full-depth reclaimer and vibratory sheep’s-foot or pad-foot roller
compactor are also needed for chemical stabilization using fly ash or cement, and a Jersey
spreader is needed for placing macadam stone. During construction, all of the demonstration
sections except for the chemically stabilized sections remained opened to traffic.

7.2 Laboratory Test Results

Comprehensive laboratory tests were conducted on the surface course and subgrade materials of
the Vail Avenue demonstration sections. Soil index property tests and laboratory abrasion tests
were conducted to evaluate the compaction and degradation characteristics of the different
geomaterials. According to the laboratory L.A. abrasion test results, all three macadam material
types met the lowa DOT abrasion specifications for macadam stone materials (Table 4122.03-1
of lowa DOT 2012). The clean macadam stone showed the greatest resistance to degradation,
whereas the RPCC macadam showed more severe degradation (48.0%) than both the clean
(34.8%) and dirty macadam (38.5%) specimens. The RPCC degradation was also close to the
upper limit of the lowa DOT specifications (50%).

Laboratory CBR and UCS tests were conducted to determine the shear strength properties of
existing surface course and subgrade materials. The laboratory CBR results showed that the
performance will degrade significantly when either material goes from fairly dry (as typically
observed in the field) to near its optimum compaction moisture content. The UCS was also
strongly dependent on the compaction moisture content, and reduced significantly when going
from the OMC to vacuum-saturated states. Comparing the actual degree of saturation achieved in
the soaked CBR and vacuum-saturated specimens, the vacuum-saturation process was much
more effective than soaking for achieving a saturated state.

The laboratory mix design results showed that stabilization by 15% fly ash or 6% cement can
effectively increase the peak UCS of the existing surface aggregate, subgrade, and subgrade and
surface aggregate mixtures. However, the field performance of the chemically stabilized
materials can be influenced significantly by their compaction moisture contents. The optimum
compaction moisture contents Woprucs) for saturated UCS were within +1.5% of the optimum
compaction moisture contents woy: for density from standard Proctor tests. Relative to the
untreated materials, the materials stabilized with 15% fly ash yielded the highest maximum dry
unit weights and lowest optimum moisture contents.
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Laboratory freezing-thawing and wetting-drying tests were also conducted on field-compacted
specimens to evaluate the durability of the fly ash- and cement-stabilized surface course
materials. The results showed that the cement-stabilized specimens showed better freezing-
thawing and wetting-drying durability than fly ash-stabilized specimens.

Laboratory permeameter tests were conducted on an existing subgrade specimen and surface
aggregate specimens with and without an embedded geocomposite drainage layer. The results
showed the subgrade material (AASHTO classification A-7-6(10)) can be considered
impermeable due to the extremely low saturated hydraulic conductivity (Ksx = 5.06x10” ft/day).
The geocomposite drainage layer effectively increased the Ky, of the surface aggregate
specimens by three orders of magnitude.

7.3 Weather and Ground Temperature Profile Results

Using a weather station and thermocouples embedded between 0.6 in. and 5 ft depth, the
subgrade was determined to undergo up to 34 freeze-thaw cycles during the 2013-2014 and
2014-2015 seasonal freeze-thaw periods. The maximum frost depth was determined to be near
5 ft in 2014, and 4.5 ft in 2015. The duration of the thaw period, during which time the granular
surfaced road is most susceptible to moisture damage, was found to be 40 days in 2014 and 23
days in 2015. The last portion of frozen subgrade thawed at approximately 3.75 ft depth around
April 21 in 2014, and approximately 2.5 ft depth around March 30 in 2015. Overall, the thawing
season had more precipitation and a longer duration in 2014 than in 2015.

7.4 Field Test Results

Preconstruction, as-constructed, and post-thawing field tests were conducted on the Vail Avenue
demonstration sections. The preconstruction tests showed that when the existing materials were
dry, the surface aggregate course had a nominal thickness of 4.8 in. and rated as excellent at 7
out of 9 test locations and below good at the other 2 locations, whereas the subgrade rated from
very poor to very good. The average ratings were excellent for the surface course and fair to
good for the subgrade.

The as-constructed FWD test results showed that the composite elastic modulus (Erwp-composite)
of the surface-and-subgrade system for the macadam Sections 1A—-8 and fly ash- and cement-
stabilized Sections16 and 17 were about three times higher than the control sections. However,
significant variation in Epwp-composite Was observed for the cement-stabilized section. The Erwp-
composite Values of the BX geogrid with NW-geotextile and BX-geogrid Sections 19A and 19B
were about two times higher than the control sections. Relative to the control sections, the Epwp-
composite Moduli for the aggregate column Sections 12 and 13, bentonite Section 15 and
geocomposite drain Section 18 were not significantly increased, but the freeze-thaw performance
of the aggregate column section was improved.

For the as-constructed performance evaluations, two independent NDT methods, falling weight
deflectometer (FWD) tests and multichannel analysis of surface wave (MASW) tests, were
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performed. The MASW tests showed significant variation for the subgrade due to the small
hammer used, which was selected to focus the energy on the surface course. To better measure
the stiffness of the subgrade materials, a sledge hammer could be used to generate greater
seismic energy at the subgrade depth.

The post-thawing field tests showed that the Erwp-composite moduli of the macadam sections were
about five times higher than the control sections. However, the macadam sections with NW-
geotextile had lower moduli than the corresponding sections without the NW-geotextile. The
chemically and geosynthetically stabilized sections also had significantly increased moduli. The
moduli of the aggregate column and geocomposite sections were similar to the control sections.
However, these two methods are aimed at improving freeze-thaw resilience by improving
drainage, not by increasing stiffness.

Based on survey photos taken on 11 different dates during the two freeze-thaw periods, most of
the stabilization methods can minimize frost boils and potholes and improve the granular
surfaced road surface conditions to varying degrees. Even the roadway surface treated with
bentonite was much drier and tighter than the other sections during the thawing period. However,
the sections with chloride surface treatments showed more ice lenses during freezing, and were
more prone to potholes and washboarding during the thawing period. Additionally, the
geocomposite drain section suffered significant rutting during the 2015 thawing period, which
may require further study.

7.5 Economic Analysis Results

The different stabilization technologies were evaluated on the basis of their documented
construction costs and estimated maintenance costs compared to continuation of previous
maintenance practices for the two-mile stretch of Vail Avenue. A break-even analysis was
performed by projecting the cumulative total construction and maintenance costs per square yard
over a twenty-year period. The initial construction costs of the various stabilization methods
might be considered high, but over the long-term they may eventually provide a savings through
reduced maintenance costs. The stabilization methods can also provide additional economic and
non-economic benefits, such as creation of good-quality base layers for future overlays or
surface upgrades, and significantly improved ride quality. However, the actual long-term
performance of the various sections may be different from those predicted based upon the
maintenance costs documented in this two-year project. Additional long-term monitoring is
recommended to more accurately determine the life-cycle costs of each section and better
identify the most economical and effective stabilization methods.
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7.6 Recommendations
Some recommendations for future research activities and implementation are provided below:

e Continue monitoring and comparing the long-term performance of the various demonstration
sections to better assess the maintenance requirements, estimate service lifespans, and more
clearly identify the most effective and economical solutions for preventing and mitigating
seasonal freeze-thaw damage.

e Install additional strings of thermocouples and sensors to monitor the ground temperature
profiles and moisture contents under the different stabilization sections.

e Study the physics and mechanisms involved to understand why the chloride surface treatment
caused more ice lenses on the roadway surface during freezing and was more prone to
potholes and washboarding during thawing.

e Evaluate the feasibility of using MASW testing as a more economical alternative to FWD
testing for measuring and monitoring the stiffness of the different layers of granular surfaced
road systems.

Counties could benefit by immediately implementing some of the research project findings. First,
the aggregate columns were very inexpensive to install, and appeared to reduce the occurrence of
frost-boils and related washboarding and ice lenses on the surface. Some minor rutting was
observed near the shoulders, which could be improved by installing more aggregate columns
near the shoulders, as well as installing a denser grid of columns. The columns are believed to
function primarily as drainage basins, so their effectiveness in any year may be a function of
their depth, the depth of the water table, and the amount of seasonal precipitation. The aggregate
columns had a break even period of 1 year (2 years with geocomposite linings), after which the
cumulative construction and maintenance costs would be less than continuation of existing
maintenance practices. As shown in Figure 59, the cost savings continue to add up after any
given break-even point, assuming that the estimated annual maintenance costs hold.

After the aggregate columns, the biaxial (BX) geogrid sections had the next shortest break-even
periods of 8 years without a geotextile layer, or 9 years with the geotextile, followed by cement
(9 years), RPCC macadam (10 years), bentonite stabilization and dirty macadam (11 years), dirty
macadam with chloride, clean macadam, and geocomposite (12 years), and RPCC macadam with
NW-geotextile (13 years). Due to higher construction costs, the clean and dirty macadam
sections with bentonite and/or NW-geotextile would have very long break-even periods (>20
years). For the dirty and clean macadam sections with NW-geotextile, virgin aggregates were
dumped to cover spots where the geotextile was exposed, which led to higher projected annual
maintenance costs. The recorded maintenance cost of the fly ash section was greater than the
previous maintenance practices, so no break-even period exists for this section.

Overall, the BX geogrid and macadam-based sections had the best observed freeze-thaw
performance in this study. They have larger initial costs and longer break-even periods than the
aggregate columns, but counties should also weigh the benefits and savings that these solutions
can provide as excellent foundations for future paving or surface upgrades.
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APPENDIX A: RECEIPTS FOR CHEMICAL STABILIZERS AND PRODUCT
DATASHEETS FOR GEOSYNTHETICS

Lepmi G Thvio O i3

AMERICAN COLLOID COMPANY 2870 FORBS AVENUE

Carrier: VAN HOF HOFFMAN ESTATES 1L 60192

Consigned To : Deliver Date : 10/02/2014
MANATTS INC. Ship Date : 09/29/2014 Via: CPU
FOB ORIGIN

E ELLSWORTH 1A

Phane:

Sold To : 22341 Ship To: 171 Shipping Plant: COLONY EAST PLANT 664 US
Consigned PO: B 3254 HIGHWAY 212 COLONY EAST WY 57717

Truck #: 126 Trailer #: B15/ Product Lots: 27114 Seal #: 27582671-75 Container/Pro

#1

Global Comments: ALL BAGGED SHIPMENTS LOADED ON FLATBED OR CPEN TOP TRAILERS MUST BE COVERED WITH
ADEQUATE TARPAULIN PRIOR TO HIGHWAY MOVEMENT. CARRIER WILL BE HELD FULLY RESPONSIBLE FOR LOSS OR
DAMAGE OCCURRING TQ UNPROTECTED LOADS. QUALITY APPROVED BY:
Customer Comments:

Order Comments:

fuk wd 7 grpdeat fize

25.0000 TN 25.7100 TN VOLCLAY NO. 90 ( 51420.0000
CLAY-BENTONITE-GROUND
CLASS 50 ITEM 48170 / 3295232
3295232

Gross: 79380.0000 Tare: 27960.0000 Total: - 51420 ) -

7 the charges are to be prepaid,
writa or stamp here, "Prapaid ¥
Subgect to section 7 of conditions, If this shiprment is to be ° i
dellvered to the consignee without recourse on the cansigner, the  CO1lect

consignor shall sigr: the following statement: The carrler shali rot  Shipper liable for the lnahal
make defivary of this shipment withaut paymertt of freight and alf  charges only, COD charges to be

ather lawful charges id by: i
o paid by: Consignae Phohe:
AMERICAN COLLCID COMPANY Fax:
Atin:
o
Mark with an ‘X' ko designate hazardous materfals as defined in title 49 of the code of Federal Regulatipns, Received Subject te the classifications and lawfully filed tariffs in effect on the date of ‘f’/ 7
issued of this billing of lading, the properly described above in apparent geoed order, expect as nuted (contents and conditions of contents of packages unknown) marked, consigned, and destined /’y

as Indicated above which sald carrier (the ward earrier being understoed throughaut this coptract as meaning any porsen or corporation in possasslon of the property under the contract) agrees to
carry to its usual place of delivery id destination, if on its route, olherwise o delivar to anather carrier on the routs ta said destination. Itis mutually agraed as te sach carrier of all or any of
he said property over all or any portion of the said route to destination , and as to each party at any time interested in alf or any said property, that every service to be performed hereunder shall
be subject to all Lhe Lerms and canditéons of the Uniform Domestic Stright Bill of Lading set forth (1) in Uniform Freight Classifications in effect on Lhe date herect, if this is 3 rail or a rail-water
shipment, or {2) in the applicatie mator carrier classificatian or tariff if this is a motor carrier shipment.

Shipper hereby certlfles that he |5 familiar with all the terms and conditions of the sald bl of lading, set forth In the dassification of tarlff which governs the transpartatien of this shipment, and
the said terms and conditions are heraby agreed to by the shipper and accepted for himself and his assigns.

Sz e

This i$ to certify that the above named materials are properly clessified, desaibed, packagad, and jabeled and are in proper conditfon far transportation according to
the appiicable regulations of the department of Transportation.

Carrier:

Per Placards Required? ves/ne Supplied? ves/no

Figure 111. Receipt for bentonite used on Sections 1B, 4, and 15
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DATE _.i ~

HEADWATERS ¢ 013540

RESOURCES
17690 Applewood Road « Councit Biuifs, [A 51503 1 =
1-800-637-7008 COUNCIL BLUFFS 2]

The material herein described has been sampled and fested as prescribed

CUSTOMER’S NAME =
ADDRESS ...

by the following agencies: lowa DOT, SD-DOT, N-DOR and MINN-DOT. It
complies with applicable specification requirements of Class C fly ash as

defined in ASTM €618 and the above agencies.

COMMODITY _..—_ PROJECT NO.
CARRIER - ... - _ o=~
Signed‘ — FINENESS =;
LBS. GROSS :
LBS. TARE - DRIVER ON _ OFF

“WEIGHED ON A FAIRBANKS SCALE

“~LBS. NET @ _ PERLB.PRICE

SHIPPER

WEIGHER .+ ..

Figure 112. Receipt for class C fly ash used on Section 16
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EAFARGE

Lafarge North America Inc.

||II|I|I|||IIIIIIIIIIIIIIIIIIIII T LD AR

THER CONDITIONS ON THE BACK

ORIGINAL -

Received subject to the terms of any written transpontation contract between the Carrier{s} transporting this shipment-and Lafarge North America o its affiliates (Shipper) on the date of issue of thig Blll of Lamhg
the property described hereon, In apparent good order, except as noted, marked, consigned and destined as set forth hereon, which said Carrier(s) agrees 1o cammy with rsasonable dispateh o such destnation.

Carrier{s} shall verify the weight of the shipment and Carier(s) agree to indemnify Shi pper fram any loss, cost o axpense {Including, but not limited to,
of aload thak exceeds the maximum allowable weight, Consignee accepts such shipment in acsordance with Lafarge's standam terms and conditions.
NON-RECOURSE: If Shipper signs this provision, Shipper shall not be liabla for frelght charges and Camershall not dehve sh\Dmemt wnhout advance E )

Signature of Shipper:

" Branch/Plant :

66524

WEST DES MOINES TERMINAL
2753 11TH ST

WEST DES MOINES |A 50265
{515} 225-7171

66524 ’ :

Shipped To :

281854
MANATTS ING

3435 ADVENTURLAND DR
ALTCONA 1A 50002

0

attomey's fees) ansing from or relating ‘5; Camer{s% \rap?:orta

em of all shipping and rélated chiarges.”

5683706

48021509
36368657

00/30/14

09/30/14

00:00:00

SDIdTa T

. jC'l_Ag'toin'eg Purcha o

“WANATTS NG

e

BeginEnd. . ¢

TYPE I/l - LOW ALKALI" 6L100007501 004G 0244 30 48,240 ;-20"?6(3 i 4380
BULK . - 8 MIN_CHRG FUEL-B Total US 49,240 28,480 20,760 10.380
STANDARD - Total CA

“Trailer,

99999

10 ’ CUSTOMER PICKUP
e Ra]l RouteDesnnpﬂ suid

| Transportation Goniract

266406MANA
110 Trailer 4 S

274614MANA

Statg Stamp :

The material here in described has been manufactured in
the USA from domestically preduced raw materials & has
been tested as prescribed by the |A DOT & complies with
applicable specification requirements for Type /Il

Cament. This cement was produced at Buffalo 1A, PC0502.

Collect

Customer Signature / Date

WARNING: Corrosive - May cause severe eye and skin burns. Toxic - May cause lung disease. Read Material Safety Data Sheet (MSD3)

CUSTOMER

Figure 113. Receipt for type I/l cement used on Section 17
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Mirari

Mirafi® 160N

viirafi® 160N is a nonwoven geotextile composed of polypropylene fibers, whi
‘armed into a stable network such that the fibers retain their relative position. Mirafi
jeotextile is inert to biological degradation and resists naturally encountered che

EETS

Drainage  Separath

alkalis, and acids.

Minimum Aver
Mechanical Properties Test Method Unit Roll Value
MD C
Grab Tensile Strength ASTM D 4632 N {Ibs) 712 (160) | 712
Grab Tensile Elongation ASTM D 4632 % 50 :
Trapezoid Tear Strength ASTHW D 4533 M {lbs) 267 (80 267
Mullen Burst Strength ASTM D 3786 KPa (psi) 2101 (305)
Puncture Strength ASTM D 4833 M {lbs) 423 (95
CBR Punciure Strengin ASTM D 6241 N {IbS) 780 (400)
Apparent Opening Size (A0S} | ASTMD 4781 |\ & Gf'_%'f
Permittivity ASTM D 4491 sec'_ 14
Flow Rate ASTM D 4491 | q';'f},';‘i‘:“m:] {‘{14185;.
Q
UV Resistance (at 500 hours) ASTM D 4355 ‘?ﬁéﬁﬁjh 70

ASTM D 4833 has beean raplaced with ASTM D 6241
"ASTM D 4751: AOS j= a Maximum Opening Diameter Value

Physical Properties Test Method Unit Typical Value
Veight ASTM D 5261 gfmi {ozfyd-) 220(6.5)
Thickness ASTM D 5199 mim (mils) 1.7 {65)
Roll Dimensions m 4.5% 91
(width x length) {ft) . {15 x 300)
Rall Area = m- [yd) 418 (500)
Estimated Roll VWeight - kg (lb) a7 {215)

Jisclaimer: TenCate assumes no liability for the accuracy or completenass of this information or for the ultima
he purchaser. TenCate disclaims any and all express, implied or statutory standards, warranties or gu
neluding without limitation any implied warranty as to merchantability or filness for a particular purpose or arisi
ourse of dealing or usage of trade as to any equipment, materials, or information furnished herewith. This ¢
should not be construed as engineering advice,

S SNANAE N o T

Figure 114. Product datasheet for NW-geotextile used on Sections 3, 4, 5, 8, and 19A
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M i ra fi ’ IE?%&TE GEQOSYNTHE
Mirafi® BXG110

Mirafi” BXG110 geogrid is composed of polypropylene resin which is extruded into a
structure.  Mirafi® BXG110 is inert to hiological degradation and resistant to natu
encountered chemicals, alkalis, and acids.

=
AERFIE

O

TenCate Geosynthetics Americas Laboratories are accredited by a2la (The Americ
Association for Laboratory Accreditation) and Geosynthetic Accreditation Institute — Laborat
Accreditation Program (GAl-LAP).

Minimunn Average
Mechanical Properties Test Method Lnit Reoll Value
moD cD
Tensile Strength (&t ultimate) ASTK DEE3T lbsfft (kM) 850 (12.4) 1200415.0
Tensile Strength (at 2% strain) ASTM DEG3T I sfft (kMM ) 280 (4.1} 450 (5.6
Tensile Strength (at 5% strain) ASTM DE337 b sfft (kM) 580 (8.5) 920 {13.4)
Junction Efficiency” s 93
Flexural Stiffness’ mg-cm 250,000
Aperture Skability” m-Mideg 0.32
_ . [ B
Resistance to Installation Damage SO SHE P 85 783/ o0
Resistance to Long Term Deg radation” %o 100
Rasistance fo UV Degradatinn' ! 100

rue resislanss Lo alorgabion whaninl ally subjectad g oac defaninegd inoacoorcance wilh AETHE DERLT wilhiol defomming Dest mals
urckr load metone risasunnd such resistass or smplcying “secant or "ottsst” tanjant methods of measurament 50 as w0 overstas b
prop ates.
* Load tramsher capskil iy express ad &5 8 percantads of Ulimste tHE e strsngth.
"Rasistancs e band ng orece cetermned in acoordance with AETH DETE2 using specimans of wicth by ribs wids, with transy ersea ks
flugh with exterior adgss of longibedinal ribs (2s 8 “laddsr), e2na of length sofficient v ang to enabla measorement of the overbang dimer:
The ovscall Flexural Stffress s caledlates as the squsrs root atthe sadoet of MO 2nd C0 Flegdral Stifness vElues
1 Tasigtaios W ireplane r «Ira jurchon of & & nchx &
ealraires al ke pedmalarin aos aresrrenl of Torsiors| Rigidity
A b0 [TEE 07 oEC capacity or stuctural ntsnty when subjectad to mechEmcal netallation sktress 0 clawvay sand D], wel arg
ac uEhe d stoas classihed as pocity aradedd argval (L 1°. Tha Jaoqnd skall 12 samplad 17 Sdcordancs with Aol b Lo s
shall ke detarrniresd ie dceordanes: wilh AST M DERET

1 ovErent mess ed by applying & 30 kg-om [2 m-R) moment Bo the
s with LS Army Corps af Engiresens Matba dolagy far rsas

" Resstance bo oes of loao capaciby ar strocioral mtegriy whan subjssted fo cnamicsly aggrassive areirormets 0o accarcsn o vt
Q0 e ersl on testing

 Tactad EIC':.‘"’:HE to ASTR D355,

Physical Propertias Unit Typical Value
Rib Thickness in (mm}) 0.03 (0.78) | 0.03(0.76
Srid Aperture Size (WMD) im{mm} 1.0{25.4)
Grid Aperture Size (CND) im{mm} 1.3033.0)
Rall Dimensions {width = length}) ft tm} 13« 245 (4« 75)
Rall Area vd- (m°) 355 (300)
lurchar =toeicy, Flesumal Sirness Aaerurs Stabilby, ke nce ta Instalabicn Cemage, Resistarce ta Lang Tzn Uegradabon, kesistance © Uy Ceorad

Rig Thickazzs ard Grid Aparore Size is nol oovered Dy ourcarmant A20°% scoedilatior

Dizclaimar, Ter el swmures il limbilizg (o the moours sy o connpleberiess OF Gris oforeresior e fon e ulirrels v b e pord sz TenCele disd sirie =re
ol reprmEs, nphied, nr skatubney skannams warmanting nr guars nhees, mcluding withant imesahnn ane mpled waranty as tn nerekatzhlitg arhhrss toe o aarh
paraase o zrisn oy roenad voarse of desalng or usage of gade @s ooy 2 gupenen, nelzezls, o fomeaabien Tomished Pereed b Thiv dusarmenl shou e n
conshusn ss anoneenng ataes

Worar® i3 5 ragstered trade mark 27 Rhoalan Co porston Cogpyn ghe € 2014 Yica on Corparation, & Rights Resarsad
Z A3 TENCAT
e in USA materials that make & differs
265 Siout Holard Dk Te TLC6EA] 2216 Fex TOE GAI 4400
Frrdrngrass, e 40 Ire EERA M0 DEIR ooy TR OEATT SO SALTE; -
e T B ¥ \
ETGORE | ) ACCREDITED|

Figure 115. Product datasheet for BX-geogrid used on Sections 19A and 19B
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MACCAFERRI TECHNICAL DATA SHEET

Rev. 03, Date 12.04.2014

MACDRAIN™W 1051
DRAINAGE COMPOSITE
Geocomposite for planar drainage (GCD), realized by thermobonding a draining core in extruded monofilaments (GMA) with two filte-

ring nonwoven geotextiles that may also be working as separation or protecting layers. The draining three dimensional core will have a
“W” configuration as lengitudinal parallel channels.

GEQCOMPOSITE (GCQ) Standard Unit Value
Thickness at 40 psf (2 kPa) ASTM D 5189 mils (mmy 197 5 (1
Mass per unit area ASTM D 5261 oziy’gim?) 18 510 (1)
Tensile strength MD ASTM D 5035 Ibs/ft (kNim) 12.500 17 (2)
Transmissivity MD ASTM D 4716 més 2)
Rigid/Soft contact gradient i = 0.10 0.30 1.0
500 psf (20 kPa) 2.1x10° 1.3x10%  1.2x10°
1000 psf (50 kPa) 1.6x10° 1.1x10%  1.0x10°
2100 psf (100 kPa) 1.5x10°® 0.9x10%  0.7x10°
4150 psf (200 kPa) 6.0x107* 7.0x10%  0.6x10°

EXTERNAL FILTERS (GTX-N)

Structure: nonwoven geotextiles in compliance with class 3 AASHTO M288 designation
Raw Material: UV stabilized polyolefin

Mass per unit area ASTM D 5261 oziy*gm?) 34 115 (1)
Grab strength ASTM D4632 Ibs Ny 124 550 3)
Grab elongation ASTM D4632 % 50 50 (3)
Trapezoidal tear strength ASTM D 4533 Ibs (N) 67 300 (3)
Static puncture resistance ASTM D 6241 Ibs (N) 280 1250 2)
Puncture resistance ASTM 4833 Ibs (N) 45 200 (3)
Flux perpendicular to the plane ASTM 4491 gPMFLE m? min) 100 4100 (3)
Characteristic opening size Ogs ASTM D 4751 US Sieve (microm) 70 80 (3)

DRAINAGE CORE (GMA}

Structure: three dimensional geomnat made by extruded monofilaments set in longitudinal parallel channel configuration
Raw Material: polypropylene UV stabilized by carbon hlack
Mass per unit area \ ASTM D 5261 ozfy’(gim?) \ 11.2 380 \ (1

{1 Typical value

{2) Minimum Average Value defined as mean value minus one standard deviation and it’s the
value which is exceeded by 95% of the all test data; transmissivity is measured using wa-
ter at 2142°C (70 +4°F) at the indicated gradient and confining pressure between a rigid e
plate (to simulate an hard contact surface like concrete walls, geomembrane or similar} |
and a smooth plate (o simulate a soft contact like soil or similar).

(3) Minimum Average Value defined as mean value minus one standard deviation and it's the
value which is exceeded by 97.5% of the all test data.

MD: Longitudinal direction

CMD: Transversal direction

The preducer, for his optimisation and improving process of the product's technical characteristics, has the faculty to modify
the standards and the characteristics of the product without any pre-advice. All the information are given in base to our
experience and is not intended as a warranty or guarantes; in any case no liability in connection with the use of these informa-
tion could be referred to the producer or one of his distributors

© 2014 Maccaferri. All rights reserved. Maccaferri will enforce Copyright.

Maccaferri, Inc. Area Qﬁicgs:

10303 Governor Lane Blvd , Williamsport, MD 21795 ;hoemx‘ Alnz?:nalrf IIE”"’"‘ New #Jerserfw )
acramenta, Caliromia uguregue, New exico

Tel. (8,0.0) 638-7744 - F?X (301)2234590. X . Miami, Florida Caguas, Puerto Rico

E-mail: info@Maccaferri-usa.com - Web site: www maccaferri-usa.com St. Louis, Missouri Dallas/Ft. Worth, Texas

Figure 116. Product datasheet for NW-geotextile used on Sections 3, 4, 5, 8, and 19A
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MACCAFERRI

TECHNICAL DATA SHEET

Rev. 03, Date 02.19.2014

MACDRAIN™W 1091
DRAINAGE COMPOSITE

Geocomposite for planar drainage (GCD), realized by thermobonding a draining core in extruded monofilaments (GMA) with two filte-
ring nonwoven geotextiles that may also be working as separation or protecting layers. The draining three dimensional core will have a

“W” configuration as longitudinal parallel channels.

GEOCOMPOSITE (GCO) Standard Unit Value
Thickness at 40 psf (2 kPa) ASTM D 5189 mils (mm)y 354 g (1)
Mass per unit area ASTM D 5261 oziy gim?) 292 930 1)
Tensile strength MD ASTM D 5035 Ibs/ft (kNim) 12.500 17 2)
Transmissivity MD ASTM D 4716 méfs (2)
Rigid/Soft contact gradienti = 0.03 0.10 0.30
1000 psf (50 kPa} 1.2x107 6.2x10%  4.3x10°
2100 psf (100 kPa) 1.0x102 46x10%  4.0x10%
4150 psf (200 kPa) 8.5x10° 4.0x10°  2.8x10°
10000 psf (480 kPa) 4.0x107 2.7x10%  1.2x107
Structure: nonwoven geotextiles in compliance with class 3 AASHTO M288 designation
Raw Material: UV stabilized polyolefin
Mass per unit area ASTM D 5281 ozly’gm?) 34 115 1)
Grab strength ASTM D4632 Ibs (N) 124 550 (3)
Grab elongation ASTM D4632 % 50 50 3)
Trapezoidal tear strength ASTM D 4533 Ibs (N) 67 300 (3)
Static puncture resistance ASTM D 6241 Ibs (N) 280 1250 (2)
Puncture resistance ASTM 4833 Ibs (N) 45 200 3)
Flux perpendicular to the plane ASTM 4491 gpMIFEE Wm? min) 100 4100 (3)
Characteristic opening size Oqs ASTM D 4751 US Sieve (microm) 70 80 (3)
DRAINAGE CORE (GMA)
Structure: three dimensional geornat made by extruded monofilaments set in longitudinal parallel channel configuration
Raw Material: polypropylene UV stabilized by carbon black
Mass per unit area | ASTMD5261 | oziygm’) | 224 o [(1)

{1 Typical value

{(2) Minimum Average Value defined as mean value minus one standard deviation and it's

the value which is exceeded by 95% of the all test data; transmissivity is measured using
water at 2112°C (70 14°F) at the indicated gradient and confining pressure between a
rigid plate {to simulate an hard contact surface like concrete walls, geomembrane or

similar) and a smooth plate (to simulate a soft contact like soil or similar).

(3) Minimum Average Value defined as mean value minus one standard deviation and it's

the value which is exceeded by 97.5% of the all test data.

MD:  Longitudinal direction
CMD: Transversal direction

The producer, for his optimisation and improving process of the praduct’'s technical characteristics, has the faculty to modify the standards and the characteristics of the
product without any pre-advice. All the information are given in base to our experience and is not intended as a warranty or guarantee; in any case no liability in connection

with the use of these informaticns could be referred to the producer or one of his distributors

© 2014 Maccaferri. Al rights reserved. Maccaferri will enforce Copyright

Maccaferri, Inc.
10303 Governor Lane Blvd , Williamspert, MD 21795
Tel. (800) 638-7744 - Fax (301) 223-4590

E-mail: info@Maccaferri-usa.com - Web site: www maccaferri-usa.com

Area Offices:
Phoenix, Arizona
Sacramento, Califonia
Miami, Florida

St. Louis, Missouri

Trenton, New Jersey

Albuguregue, New Mexico

Caguas, Puerto Rico

Dallas/Ft. Worth, Texas

Figure 117. Product datasheet for geocomposite used on Section 18
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ROADRAIN"

ROADWAY DRAINALE 5YSTEM

loadway Drainage System
pecification Sheet - ROADRAIN 5 (RD-5)

JADRAING is asynthetic Subsurface Orainage Layer (SSOL) comprised of atri-planarstucturewith thermally bonded 6 oz, nonwoven geatexti
ters on bath sides. This product quickly removes subsurfacewaterfrom pavement base and sub-base layers, while providing a void-maintaining
stem towark 3s 3 capillary breal. ROADRAIN 5 alsowarles as 3 separation layer. ROADRAIN § has properties conforming to thewvalues and test
ethods listed below;

Property Tast Methods Qualifiar

Density ASTM 0792 ofcme 0.94-0.96 Range

Carban Blacl ASTM O 418 % 2-3 Range

Rib Sparing (top & bottom) Calipered in. (romj 0.4 (10) Typical
Central Hib Spacing Calipered in. (rormj 0.5(12.5) Typical
Unsupported Aperture Area Calipered in2(rmrm?) 0.3(195) M A
Thickness ASTM D 5139 ol () 2E0 (710 +10%

Strength AASHTO M 288 Exceeds Class 2
UM, Resistance (500 hrs) ASTMDO 4355 % 70 A R
A0S ASTM D 4757 US Std Sieve (mm) 70(0.212) MaxARY
Permittivity ASTM D 4491 sec’ 1.4 ARV
Water Flow Hate ASTM D 4491 apm/ ft2 (1 mingm?) 0 [4481) M.AHY

Capillary Barrier ASTH EI18 Effective Motes?

Coefficient of Permeability ASTM D 4716 frfday SR, 700 MNotes?

Roll Size 1275 ftx200ft {389 mxalm)
Oirection of Primary Flow Arross the rollwidth @ approximately 45°

alifiers: MARY = Minirurm &wverage Holl Walue (MARW), MAY = Minimum &verage Value, MAX = Maximum Value, Max AR = Mazirmum average roll value
WES:

Seotextile and core properties listed are prior to lamination.

45 tested by the USACE Cold Regions Research and Engineering Labor atory (CRREL).

—oeffident of permeabilityis calculated with the measured S50L transmissivity and the nominal core thickness. S50L transmissivity is tested along the prima
Tow direction with the boundary conditions as follows: steel platefOttawa sand/S50L/0ttawa sand/steel plate, one hour seating period @ 5,000 psf and
Jradient 2%.

Tensar International Corporation @201z, Tensar International Corporation. Certain products and/or applications described or
rens r 2500 Northwinds Parlavay illus trated herein are protected under one or mare U5, patents. Other 5. patents are pendin
® Sulteson and certain foreign patents and patent applications may also exist. Trademark rights also appl
P e indicated herein. Final determination of the suitability of any information or material for the u:

Figure 118. Product datasheet for geocomposite used on Section 12
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APPENDIX B: HORIZONTAL PERMEAMETER TEST (HPT) SPECIMEN
PREPARATION PROCEDURE

V w.

T

e B -

i

(€) 0

Figure 119. HPT soil tank set up: (a) place fine screen and screen support on top of inlet
and outlet, (b, ¢, d, and e) place three screens with different opening sizes next to the screen
support, (e) place specimen material in soil tank
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Figure 120. HPT specimen compaction: (a) compact specimen in several lifts, (b) scarify
surface after each compaction lift, and (c) place geocomposite at middle of specimen and
seal gaps between geocomposite and soil tank using closed-cell foam
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Figure 121. HPT specimen sealing: (a) level the specimen surface, (b) pre-soak specimen,
and (c) seal top surface with closed-cell foam
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Figure 122. HPT specimen saturation and examination: (a) soak specimen using water
supply placed on top of specimen, then vacuum saturate specimen, (b) examine specimen
surface after test to check if water channeling occurred
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APPENDIX C: SURVEY PHOTOS OF VAIL AVENUE DEMONSTRATION SECTIONS

S 1A& 1B &
Macadam

Liosa €. S5
Dirty "Macadam'+ Geotextile Clean Macadam + Geotextile

Sl epl o S ey
Clean Macadam s RPCC I\/Iacadam s RRﬁC Macadam + Geotextile

Figure 123. Survey photos of Vail Avenue demonstration sections (March 8, 2014)
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S9 Control 45 RGN
Intersection of 320t o 7 L Contigl

1 S12 ol S
e Agg. Columns

S14 % S 15 N S 19A
Control & Control Geogrid + Geotextile

Figure 123. (continued). Survey photos of Vail Avenue demonstration sections (March 8, 2014)
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S 19B S 20
BX-Geogrid Control

Figure 123. (continued). Survey photos of Vail Avenue demonstration sections (March 8, 2014)
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Dirty Macadam

S1A& 1B
Dirty Macadam

Intersection of 330

S38&4

5 _«/ \\.

S384 . EETSS

Dirty Macadam + Geotextile

o

—— A ——— -

S6
Clean Macadam

~Dirty Macadam + Geotextile

& ' ﬁcqadam + ngtexﬁle
/ . R I ¢
- g : S /

_ S7 : S8
RPCC Macadam RPCC Macadam + Geotextile

Figure 124. Survey photos of Vail Avenue demonstration sections (March 20, 2014)




S9 Control S 10
Control Intersection of 3201 Control

L i aentel A S

e

- B N

/ﬂ.‘l':':
r g

S 11 Si42
Agg. Columns + G.C. Lining

Figure 124. (continued). Survey photos of Vail Avenue demonstration sections (March 20, 2014)




S 17 S 18 - S 19A
Control Control : Geogrid + Geotextile

S 19B . 820 | Control
BX-Geogrid ' Control. -~ ~ Intersection of 310"

Figure 124. (continued). Survey photos of Vail Avenue demonstration sections (March 20, 2014)
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Dirty Macadam
Intersection of 330t

S3&4
Dirty Macadam + Geotextile

i
Clean-Macadam

S1A& 1B
Dirty Macadam

84

Dirty Macadam + Geotextile

RPCC Macadam

52
Dirty Macadam + Chloride

S5
Clean Macadam + Geotextile

RPCC Macadam + Geotextile

Figure 125. Survey photos of Vail Avenue demonstration sections (April 21, 2014)
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. S9 = . ,‘Confrol . 310 -
+ Conwrol & - ~ Intersection of 320™ : . Control -

e e . 513
Control ‘Agg Columns +G. C L|n|ng Agg Columns

514 L  ,7~ | e e s
Control'. T " | Control

Figure 125. (continued). Survey photos of Vail Avenue demonstration sections (April 21, 2014)
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Si7 S18 S 19A
Control Control Geogrid + Geotextile

S19B 899 Control
BX-Geogrid Control Intersection of 310"

Figure 125. (continued). Survey photos of Vail Avenue demonstration sections (April 21, 2014)
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Dirty Macadam

S1A& 1B

S2 |
Dirty Macadam + Chloride

Intersection of 330™

$3&4
Dirty Macadam + Geotextile

»Dirty Macadam

& -

™

S3&4
Dirty Macadarqf} Geotextile

S5
Clean Macadam + Geotextile

80
Clean Macadam

S7
RPCC Macadam

S8
RPCC Macadam + Geotextile

Figure 126. Survey photos of Vail Avenue demonstration sections (May 8, 2014)




o
- Control

Control
Intersection of 320th

S0

Control -

S -

Control

S 12

g

513

- -S‘;'.1,4»? .
- Control

Agg. Columns + G.C. Lining

S
Control

~ Agg. Columns

S 16
Control

Figure 126. (continued). Survey photos of Vail Avenue demonstration sections (May 8, 2014)




S 19A
Geogrid + Geotextile

S 19B S 20
BX-Geogrid Control

Figure 126. (continued). Survey photos of VVail Avenue demonstration sections (May 8, 2014)
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Dirty Macadam
Intersection of 330t

'S,lA & 1B
Dirty Macadam

S2
Dirty Macadam + Chloride

S38&4
Dirty Macadam + Geotextile

S5
Clean Macadam + Geotextile

87.6“, -
Clean Macadam

a7
RPCC Macadam

58 :
RPCC Macadam + Geotextile

S9
Control

Figure 127. Survey photos of Vail Avenue demonstration sections (June 6, 2014)
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Control S 11
Intersection of 320th Control

S12 S13 S 14
Agg. Columns + G.C. Lining Agg. Columns Control

S 15 S 16 S 17
Control Control Control

Figure 127. (continued). Survey photos of VVail Avenue demonstration sections (June 6, 2014)
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S 18 S 19A S 19B
Geocomposite Geogrid + Geotextile BX-Geogrid

S 20 Control
Control Intersection of 310t

Figure 127. (continued). Survey photos of Vail Avenue demonstration sections (June 6, 2014)
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Dirty Macadam
Intersection of 330"

S1A& 1B
Dirty Macadam

S2
Dirty Macadam + Chloride

S 8324
Dirty Macadam + Geotextile

Clean Macadam + Geotextile

Clean Macadam

RPCC Macadam

- =g
RPCC Macadam + Geotextile

Figure 128. Survey photos of Vail Avenue demonstration sections (July 3, 2014)
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- Control o sig e
Intersection of 320" e s Contrdl R

- Em ey mmn |
Agg. Columns + G.C. Lining Agg. C‘ollumn‘s

s 15 s e S17
Control ~ Control Control

Figure 128. (continued). Survey photos of Vail Avenue demonstration sections (July 3, 2014)
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Figure 128. (continued). Survey photos of Vail Avenue demonstration sections (July 3, 2014)

204



Dirty Macadam  S1A&1B _ B
Intersection of 330t Dirty Macadam Dirty Macadam + Chloride
. ATV . Fig | ! ol

RPCC Macadam + Geotextile |~~~ ~  Control "~ S

Figure 129. Survey photos of Vail Avenue demonstration sections (September 2, 2014)
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Figure 129. (continued). Survey photos of Vail Avenue demonstration sections (September 2, 2014)
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Figure 129. (continued). Survey photos of Vail Avenue demonstration sections (September 2, 2014)
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Figure 130. Survey photos of Vail Avenue demonstration sections (January 20, 2015)
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Figure 130. (continued). Survey photos of Vail Avenue demonstration sections (January 20, 2015)
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Figure 130. (continued). Survey photos of Vail Avenue demonstration sections (January 20, 2015)
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Figure 131. Survey photos of Vail Avenue demonstration sections (February 24, 2015)
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Figure 131. (continued). Survey photos of Vail Avenue demonstration sections (February 24, 2015)
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Figure 131. (continued). Survey photos of Vail Avenue demonstration sections (February 24, 2015)
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Figure 132. Survey photos of Vail Avenue demonstration sections (March 10, 2015)
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Figure 132. (continued). Survey photos of Vail Avenue demonstration sections (March 10, 2015)
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Figure 132. (continued). Survey photos of Vail Avenue demonstration sections (March 10, 2015)
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Figure 133. Survey photos of Vail Avenue demonstration sections (April 21, 2015)
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Figure 133. (continued). Survey photos of Vail Avenue demonstration sections (April 21, 2015)
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Figure 133. (continued). Survey photos of Vail Avenue demonstration sections (April 21, 2015)
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Figure 134. Survey photos of Vail Avenue demonstration sections (May 19, 2015)
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Figure 134. (continued). Survey photos of Vail Avenue demonstration sections (May 19, 2015)
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Figure 134. (continued). Survey photos of Vail Avenue demonstration sections (May 19, 2015)
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