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EXECUTIVE SUMMARY

When water receded from the massive 2011 Missouri River flood, granular-surfaced roads in
Pottawattamie County, lowa, were buried under layers of loessial silt, the fine-grained soil of
western lowa’s scenic Loess Hills. To reopen the rural roads, the county desired a way to recover
the existing aggregate from the contaminated surface materials rather than simply scraping the
roads and starting over with all new materials. Not having a practical solution at the time, the
county opted for the latter approach. However, the need remained for a practical and efficient
solution to recycle existing contaminated or degraded granular-road surfacing materials to
restore them to their original performance levels.

In this project, a laboratory study was first conducted to evaluate the feasibility of screening off
the excessive fines in the contaminated granular surface materials to restore the roads to their
original mechanical performance levels. Several potential types of large, specialized construction
equipment that could help perform this task were evaluated in a desk study, and field trial tests
using a vacuum street sweeper were conducted. Based on the laboratory soaked California
Bearing Ratio (CBR) test results, it was determined that the undrained bearing capacity of
granular surface materials does not simply increase with decreasing fines content or increasing
top size. Instead, there is an optimum gradation (or particle size distribution and packing) that
results in the greatest soaked bearing capacity.

In addition, the desk evaluation of the potential construction equipment and field trial tests
revealed that the original concept of screening materials out of the road was not cost-effective
due to the high equipment cost and low production rates. Furthermore, field and laboratory
measurements revealed that the reconstructed roads in the county contained significant fines
coming not from the loess subgrade soils, as initially suspected, but from degradation of the
relatively low-strength limestone aggregate surfacing materials. The research focus therefore
shifted from the relatively specialized scope of removing low-quality fines to a problem with
much broader applicability to all gravel roads: keeping the existing high-quality materials and
adding back only what is missing from the optimum gradation to deliver the best longevity and
performance.

At the beginning of the project, a web survey was distributed to lowa county engineers regarding
the performance, maintenance issues, and specifications of their granular-surfaced roads. Based
on the survey results, it was concluded that granular surface materials being worn down by
traffic to a finer gradation is a widespread issue that can greatly influence the performance and
longevity of the roads. A comprehensive literature review revealed that the mechanical
performance and durability of granular surface materials is a function of four material properties:
gradation, plasticity, quality, and particle morphology. Based on the needs identified in the
survey, the project was then focused on developing performance-based design and testing
methods to provide state secondary roads departments with more cost-effective solutions to build
or reconstruct granular road systems with improved performance and durability while recycling
as much of the existing materials as possible.
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A series of laboratory tests was conducted to quantity the effects of gradation and plasticity on
the mechanical performance of granular road surfacing materials. The laboratory soaked CBR
test results revealed that there is an optimum gradation that can result in the greatest soaked
bearing capacity. Multiple regression analyses conducted on the laboratory test results indicated
that the optimal gradation in terms of the soaked CBR of a well-graded granular material can be
predicted based on its top size and the shape parameter (n) of the particle size distribution (PSD)
curve determined using Fuller’s model. Laboratory tests were also conducted to determine the
optimal plasticity index with respect to shear strength and slaking characteristics. The results
showed that adding plastic fines to granular surface materials can reduce their shear strength
under wet conditions but greatly improve their slaking performance and therefore reduce
material loss. Based on these key findings, a complete set of testing, design, and construction
procedures for building or reconstructing granular-surfaced roads was proposed.

To validate the proposed methods, field granular-surfaced road and shoulder test sections were
designed and constructed in Pottawattamie County and Boone County, lowa, in summer 2016.
To help local roads agencies implement the proposed design methods and recycle existing
degraded surface materials, a Microsoft Excel-based program was developed to optimize
proportions of existing surface materials and two or three available quarry materials to reach the
target optimal gradation. Performance-based field tests and visual surveys were conducted on the
test sections following construction and after the 2016-2017 freeze-thaw season to compare the
as-constructed performance and freeze-thaw durability of the various test sections.

The field test results further validated the performance of the proposed methods. The road
section with the optimal gradation without bentonite showed better performance than the control
section and yielded the smallest reduction in stiffness and strength among all the test sections
after the freeze-thaw season. The test section with the optimal gradation and plasticity (by
incorporating bentonite) yielded the best as-constructed performance and lowest dust emissions.
However, visual observations and laboratory plasticity test results revealed that the bentonite
content decreased significantly after one freeze-thaw season. For the shoulder test sections, the
field and laboratory test results also showed that precipitation and traffic can quickly wash and
blow away the small amount of incorporated bentonite, thus significantly reducing its beneficial
binding effects. Based on the testing results and field observations, incorporating a greater
concentration of low plasticity clay to achieve the target plasticity index of granular surface
materials may be a better long-term solution.

During this project, several issues with current laboratory testing methods used to determine
plasticity and aggregate quality were also identified, and alternative testing methods were
evaluated and developed to address the issues. For the Atterberg limits tests, a two-way
repeatability and reproducibility (R&R) analysis based on analysis of variance (ANOVA)
revealed that the conventional Casagrande cup test used to determine the liquid limit is greatly
influenced by the inter-operator variability, and the overall variation of the test results was 1.8%.
The alternative fall cone liquid limit test showed much smaller overall variations than the
Casagrande cup test, and results from the two test methods correlated very well (R? = 0.98).
Additionally, the fall cone test was found to be easier to perform and less influenced by inter-
operator variability. Therefore, use of the fall cone test is recommended for local roads agencies
to more easily and reliably determine liquid limit compared to the Casagrande cup test. For the
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plastic limit test, the ASTM roller method performs better than the conventional hand-rolling
method in terms of repeatability and reproducibility.

In this study, a new laboratory testing method termed the “Gyratory Abrasion and Image
Analysis (GAIA)” test was also developed to quickly evaluate the mechanical degradation,
morphology, and shear strength of granular materials under simulated field loading conditions.
Comparisons between the GAIA test and the Los Angeles (LA) abrasion test, which is
commonly used for evaluating aggregate quality, revealed several shortcomings of the latter. The
laboratory evaluation results demonstrated that the newly proposed GAIA test can address all of
the identified issues. Additionally, various parameters determined by the GAIA test can be used
to better understand the behavior of granular materials during compaction and to develop
performance-based quality control/quality assurance (QC/QA) specifications for ensuring the
quality and compaction of granular materials.

In addition to the recommendations provided for implementation of the research findings into
testing, design, and construction procedures, several conclusions and recommendations for
further research are identified in the final chapter of this report. It should be noted that the
findings of this study were based upon evaluation of the crushed limestone materials local to
Pottawattamie County. Further validations or calibrations of the proposed methods are
recommended for materials having different morphology and minerology, such as rounded river
gravels or higher strength dolomitic limestones occurring elsewhere throughout the state.
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CHAPTER 1. INTRODUCTION

This project focused on improving the performance and durability of granular-surfaced roads and
shoulders by recycling existing surface materials and blending them with fresh quarry aggregates
to achieve optimum target gradations and plasticity indices. This chapter describes the industry

and technical problems, presents the research objectives, and provides an overview of the report.

1.1 Statement of the Industrial and Technical Problems

Unpaved roads including granular-surfaced and gravel roads comprise 34% of the 4.2 million
total miles of public roadways in the United States (FHWA 2014). In addition, damaged or aged
paved low-volume roads in many states are sometimes converted to unpaved roads. Many
agencies upgrade unpaved roads with little or no preparation of the foundation layers, which can
lead to asphalt and portland cement concrete (PCC) surface courses that rapidly deteriorate and
are more difficult and expensive to maintain (Fay et al. 2016). Compared to paved roads,
granular-surfaced roads are more prone to extensive surface damage resulting from heavy
agricultural traffic loads as well as freeze-thaw and wet-dry cycles. Current practice to address
such damage typically involves covering the entire road surface with fresh aggregate followed by
blading with little or no compaction. Furthermore, most state department of transportation (DOT)
specifications for the gradation and plasticity of granular surface materials are neither
performance based nor strictly followed. Consequently, sub-optimal gradations can be placed,
leading to freshly placed aggregate material rapidly degrading to smaller particles and generating
fugitive dust, which further contributes to a costly cycle of recurring maintenance.

Granular surface materials are quite different from pavement base materials in that the latter
usually have a larger top size and contain a very low percentage of fines to provide sufficient
drainage. If used as a granular surface course, typical pavement base materials would result in a
surface that is unstable and difficult to maintain (Légere and Mercier 2004, Skorseth and Selim
2000). Therefore, granular-surfaced roads typically require a smaller top size for better stability
and ride quality, and a small amount of plastic fines to bind the aggregate together and reduce
aggregate loss. The importance of the index properties of granular road surface materials such as
maximum aggregate size, gradation, plasticity, and abrasion characteristics has long been
recognized (Hudson et al. 1986, Jones 2015, Paige-Green 1998, Skorseth and Selim 2000, Van
Zyl et al. 2007). However, very few studies to date have focused on quantifying the effects of
gradation and plasticity on the performance and durability of granular surface materials.

1.2 Goal and Objectives of the Research

The goal of this study was to develop an approach to cost-effectively recycle existing degraded
granular surface materials by mixing them with fresh aggregates in optimized proportions to
achieve a target gradation and plasticity that will maximize performance and durability. The
specific objectives of this research are as follows:



1. Conduct a literature review and a web survey of county engineers to identify performance
issues for granular-surfaced roads in the state of lowa and evaluate current specifications for
the gradation and plasticity of the granular surface course materials.

2. Conduct a laboratory study to quantify the effects of variations in gradation and plasticity on
the mechanical characteristics of typical granular surface course materials.

3. ldentify the optimum gradation and plasticity ranges that will lead to increased strength and
reduced damage from freezing-thawing and wetting-drying cycles.

4. Construct granular-surfaced road and shoulder test sections using the optimum gradation and
plasticity specifications to validate the laboratory test results and assess actual field
performance through a seasonal winter-spring freeze-thaw period.

5. Conduct performance-based field tests to compare the pre-freezing and post-thawing
performance of the test sections.

6. Develop laboratory and design tools to help county engineers rapidly assess the gradation
and plasticity of existing surface materials to be recycled and to determine relative
proportions of fresh aggregate materials to be added to achieve an optimized target gradation
and plasticity.

7. Translate the research results into practice by developing technology transfer materials
describing how the results can be implemented and by making presentations at county
engineer meetings and workshops. To further this goal, the gradation optimization
spreadsheet has been distributed to all county engineers on the lowa County Engineers
Service Bureau website. Several counties have begun using it and providing feedback.

1.3 Organization of the Report

This report consists of seven chapters. Chapter 2 summarizes the literature review and web
survey results that identify current issues and specifications for granular surface materials.
Chapter 3 presents the laboratory test results for quantifying the effects of gradation and
plasticity on the shear strength and slaking characteristics of typical granular surface materials.
Chapter 4 provides details on the design, construction, and field test results of the demonstration
test sections. Chapter 5 compares the accuracy and repeatability of several laboratory tests that
can be used to determine the consistency (i.e., liquid limit [LL], plastic limit [PL], and plasticity
index [PI]) of soils. Chapter 6 presents a new laboratory testing method to evaluate the
performance, morphology changes, and compaction characteristics of granular materials under
simulated compaction and traffic loading conditions. Conclusions and recommendations for
testing, design, and construction procedures to achieve optimum performance of granular-
surfaced roads with or without recycling of existing aggregate surface course materials are
provided in Chapter 7. Supporting materials are included as appendices.



CHAPTER 2. ISSUES AND SPECIFICATIONS OF GRANULAR-SURFACED ROADS

This chapter summarizes the literature review and results of a web survey distributed to lowa
county engineers regarding performance and maintenance issues and specifications of granular-
surfaced roads. The complete survey results can be found in Appendix A.

2.1 Damage of Granular-Surfaced Roads in lowa

Compared to paved roads, granular surfaces are more prone to severe surface damage, which
significantly increases maintenance costs (DeVries 2012, Jahren et al. 2005, Li et al. 2015a). The
types of surface damage commonly encountered include rutting, washboarding, potholes, surface
deterioration, loss of crown, and dust, each of which can adversely affect traffic safety and
require recurring maintenance.

In this study, a web survey was conducted to identify common issues for granular-surfaced roads
in lowa as well as the currently used specifications for surface materials. The survey was sent to
all lowa county engineers in May 2015. Staff for a total of 46 out of the 99 counties in lowa
completed the survey, as shown in Figure 2.1.
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Figure 2.1. lowa map with the 46 counties that completed the web survey shown in blue



Based on the responses received, over 80% of the 46 counties included raveling (washboarding)
among the three issues observed most often on their granular roads, as shown in Figure 2.2.
Rutting, potholes, frost boils, and dust (in decreasing rank order) were also identified as severe
issues by more than 50% of the responding counties. Other issues identified in the survey
responses were mainly attributed to heavy traffic loads and poor subgrade bearing capacity.
These problems could be improved by use of thicker granular surface layers, subgrade
stabilization methods, or higher quality aggregate materials.
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Figure 2.2. Percent of the 46 responding lowa counties reporting a given granular road
issue among their top three most observed

Based on the survey responses, among all the reported types of damage, frost boils occurring
during relatively short thawing periods cost the most to mitigate, as shown in Figure 2.3. Frost
boils are usually caused by frost-susceptible subgrade materials and a high ground water table.
To repair the frost boil damage, the soft subgrade of the affected area is usually removed and
replaced with granular or clean aggregate materials. Installing aggregate columns has also been
found to be a very cost-effective method to prevent or mitigate frost boils (Li et al. 2017Db).
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Figure 2.3. Number of the 46 responding lowa counties ranking a given damage type as
costing the most to mitigate

The survey responses indicated that the current maintenance practice typically involves covering
the entire damaged area with fresh quarried (or virgin) aggregate without compaction, and
materials pushed or kicked to the shoulders by traffic are retrieved using motor graders or discs.

The importance of the index properties of granular road surface materials, such as maximum
aggregate size, gradation, plasticity, and quality, has long been recognized (Hudson et al. 1986,
Jones 2015, Paige-Green 1998, Skorseth and Selim 2000, Van Zyl et al. 2007). However, most
state DOT specifications for the gradation and plasticity of granular surface materials are neither
performance based nor strictly executed. Consequently, considerable variation exists in the
performance and durability of granular-surfaced roads, and substantial amounts of the freshly
placed material for maintenance and repair rapidly degrade to smaller particles and dust (Jones
and Paige-Green 2015).

2.2 Gradation and Plasticity of Granular Surface Materials

Raveling and washboarding issues are usually caused by poorly graded or gap-graded materials
with a lack of fines and plasticity. The material particles do not bind together, ultimately
resulting in significant gravel loss and recurring maintenance needs (Jones et al. 2013, Paige-
Green 1989, Skorseth and Selim 2000). Granular surface materials are quite different from
pavement base materials, which usually have a larger top size and contain a very small
percentage of fines. These two characteristics can provide better drainage but result in a surface



layer that is unstable and difficult to maintain when used on granular-surfaced roads (Jones et al.
2013, Légere and Mercier 2004, Skorseth and Selim 2000).

Some studies in the literature suggest ranges for the top size, fines content (< No. 200 sieve), and
plasticity index for general unpaved road surface materials, but most of the studies present
conclusions without quantitative laboratory and field validations of the recommendations.

Berthelot and Carpentier (2003) concluded that gravel road surface materials with larger top
sizes of 5/8 or 3/4 in. take longer to break down, and test sections with coarser gravel particles
provide better traction and surface wearing durability than those with finer gravel under wet
conditions. Jones et al. (2013) also suggest that unpaved road surface materials having a
maximum particle size of 1.5 to 1.75 in. are preferable to provide adequate all-weather
passability. For fines content, Anon (1988) recommends using materials with 12% to 16% fines
and adding 3 to 5 yd?® of clay per mile to improve stability and reduce dust. Jones et al. (2013)
concluded that materials with greater than 20% fines content (< No. 200 sieve) can be dusty
when dry and may become slippery when wet, but fines contents below 10% may result in
raveling.

The recently published Federal Highway Administration (FHWA) Gravel Roads Maintenance
and Design Manual suggests that the plasticity index of good gravel road surface materials
should be between 4 and 12 (FHWA 2015). Previous studies also found that bentonite (sodium-
montmorillonite) can effectively reduce dust and increase stability of crushed limestone-surfaced
roads because the negatively charged surfaces of the clay particles effectively bond the positively
charged limestone particles (Bergeson et al. 1995, Bergeson and Wahbeh 1990). Field
observations also showed that an appropriate amount of plastic fines can help to create a tighter
and smoother roadway surface (Li et al. 2017b). However, the FHWA (2015) manual also warns
that the amount of bentonite to be added must be very carefully controlled and that the bentonite
must be mixed thoroughly because too much clay will cause rutting and slipperiness issues
during prolonged wet periods.

In the web survey conducted for this study, 59% of the responding counties reported that existing
surface materials typically have excessive fines caused by degradation of the surface aggregates
(Figure 2.4), 25% reported excessive fines due to the migration of subgrade soils (Figure 2.5),
and 14% reported excessive fines due to other sources, including quarries and off-road sources
(Figure 2.6). However, some counties (18%) are also suffering a loss of fines, as shown in Figure
2.7.
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2.3 Specifications for Granular Surface Materials
2.3.1 State DOT and lowa County Specifications

Specifications for the gradation and plasticity index of granular surface materials vary among
state DOTSs. Several specifications used by the lowa DOT and neighboring state DOTSs are
compared in Table 2.1. However, all of the specifications were established based on arbitrary
gradation bands with (at most) six control points, which are not performance related. In addition,
most of the states, except for South Dakota and Illinois, do not specify the plastic index.

Table 2.1. DOT granular surface material specifications (percent passing) for lowa and
surrounding states

lowa Class South llinois Minnesota Nebraska  Missouri
Sieve AorB Dakota CA-6 Class 1 Rock Grade B
1.5in. 100
lin. 100 100-90 100 100
3/4 in. 100-95 100 100
1/2 in. 90-70 90-60
3/8in. 95-65 <65
No. 4 55-30 78-50 56-30 85-40 60-20
No. 8 40-15 67-37
No. 10 70-25 30-0 25-5
No. 16 40-10
No. 40 35-13 45-10
No. 200 16-6 15-4 12-4 15-8 10-0
Plastic Index NA 12-4 9-2 NA NA NA

Based on the web survey responses, most of the responding counties (74%) reported that they
follow lowa DOT Class A and B crushed stone specifications for granular surface materials, as
shown in Figure 2.8. However, 36% of the responding counties have also set up their own
specifications, which are summarized and compared with the lowa DOT specifications in Table

2.2.
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Table 2.2. Current granular surface material specifications used by the lowa DOT and
some of the surveyed counties

lowa DOT Spec. 1-1/4in.  1.0in. 3/4in. 1/2in. No.4 No.8 No.30 No.200 Plasticity

/County Name (%) (%) (%) (%) (%) (%) (%) (%) Index
lowa DOT Class A 100 100-95 90-70 55-30 40-15 16-6
lowa DOT Class B 100 100-95 90-70 55-30 40-15 16-6
lowa DOT Class C 100 80-50 60-25 6
Cedar County 100 100-97 65-20 30-15 15-6
Cerro Gordo County 100 100-95 90-70 55-30 40-15 12-6
Clinton County 100 30-15 16-6 NA
Ida County 100-98  98-85 67-50 55-35 28-10 10-4
Plymouth County 100 100-85 70-50 55-25 28-10 10-0
Scott County 100 100-90 30-10 12-5
Van Buren County 100 98-90 90-70  70-40 40-18 30-10 10-3
Crawford County 100 98-85 67-50 55-35 28-10 7-0

To cope with heavy traffic loads or soft subgrade conditions, specifications with a larger top size
of 1% in. are used by several counties. Some survey respondents also indicated that the binding
properties of clayey fines can help reduce dust and provide a tighter roadway surface for
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granular-surfaced or gravel roads. However, none of the specifications in Table 2.2 stipulate a
range of plasticity index for granular surface materials. In addition, due to the limited availability
and high costs of high-quality granular materials, some counties reported that they could not
strictly meet the material specifications for granular-surfaced roads. As noted above, excessive
plastic fines can lead to excessive dust in dry conditions and rutting and slippery road surfaces in
wet conditions. Therefore, it is important to empirically determine the useful range of application
rates for incorporating plastic material such as clayey subgrade or bentonite powder and to
identify effective methods to thoroughly mix the clayey and granular materials.

2.3.2 A Performance-Related Specification

Paige-Green (1989) developed a performance-related material selection chart for determining the
gradation and plasticity of unpaved road surface materials, shown in Figure 2.9, based on testing
and monitoring 110 unpaved road sections for more than three years in South Africa. The author
explained that the surface material needs adequate cohesion to resist raveling and the formation
of corrugations under traffic loading.
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Figure 2.9. Relationship between shrinkage product, grading coefficient, and performance
of surface course for gravel roads

In this chart, the grading coefficient and shrinkage product are calculated using the results of
sieve analyses and bar linear shrinkage (BLS) tests on the granular surface materials. These
quantities are then related to the observed performance of the corresponding road sections. The
grading coefficient and shrinkage product in the figure are calculated as follows:

(% passing 26.5mm— % passing 2.0 mm) x % passing 4.75mm
100

Grading Coefficient = (2.1)

Shrinkage Product = Bar Linear Shrinkage x % passing 0.425mm (2.2)
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The bar linear shrinkage test is described in the South African Technical Methods for Highways
(TMH1-A4). In the present study, the bar linear shrinkage test method was statistically evaluated
and compared to other laboratory testing methods for determining the plasticity of soils. The
comparison results are presented in Chapter 5.

Based on the performance-related material selection chart in Figure 2.9, Paige-Green (1989)
concluded that the grading coefficient of good performing surface materials should be between
15 and 35, and the shrinkage product should be between 100 and 365, or below 250 for reduced
dust. Jones et al. (2013) also stated that “although not directly measured in the grading
coefficient formula, a fines content (material passing the No. 200 sieve) of between 12 and 15
percent is typically required to meet the grading coefficient requirements.” However, Jones and
Paige-Green (2015) noted that “local calibrations of the grading coefficient and shrinkage
product ranges may be needed” to use this chart.

2.4 Degradation and Morphology of Granular Materials
2.4.1 Degradation of Granular Materials

Mechanical degradation or abrasion of granular materials used for granular-surfaced roads or
pavement bases can significantly influence their mechanical properties, drainage conditions, and
freeze-thaw durability (Cho et al. 2006, Nurmikolu 2005, Vallejo et al. 2006, White and
Vennapusa 2014). As detailed in several previous studies, the degradation and abrasion of a
granular material is a function of its mineral composition, gradation, morphology, and loading
conditions, including compaction during construction and traffic loading over the service life of a
roadway (Hardin 1985, Lade et al. 1996, Lees and Kennedy 1975, Marsal 1967, Nurmikolu
2005, White et al. 2004, Zeghal 2009). Zeghal (2009) found that the mechanical degradation of
granular materials can decrease the resilient modulus by up to 50% and increase permanent
deformations by 100% to 300%, resulting in significant rutting and cracking on roadway
surfaces. Other previous studies have also illustrated the effects of gradation and loading
conditions on the degradation of aggregate, railroad ballast, and soils using static or cyclic
triaxial tests (Chen and Zhang 2016, Hardin 1985, Indraratna et al. 2005, Nurmikolu 2005).

It is widely known that uniformly graded or gap-graded aggregates can experience significantly
more degradation than well-graded aggregates because the lower void ratio of well-graded
materials results in lower interparticle contact stresses. As a result, well-graded materials tend to
break down more slowly than uniformly graded materials under a given set of loading conditions
(Airey et al. 2008, Lade et al. 1996, Nurmikolu 2005). For example, the effects of maximum
particle size and coefficient of uniformity (Cu) on the permanent deformation and degradation of
railroad ballast were examined using large-scale cyclic triaxial tests in Indraratna et al. (2016). It
was reported that particle breakage was significantly reduced when Cy was larger than 1.8.
Particle breakage was also significantly influenced by load duration, with reported values of
breakage index under creep loading greater than 1.5 times those of monotonic loading (Chen and
Zhang 2016). Based on the results of cyclic triaxial tests, an optimum range of confining
pressures in terms of minimizing degradation of railway ballasts exists for a given deviator stress
(Lackenby et al. 2007).
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To practically evaluate abrasion and degradation characteristics or create specifications for the
quality of granular materials, most transportation agencies rely on the Los Angeles (LA) abrasion
and Micro-Deval tests, which require specimens to be prepared to standard gradings and tested in
a rotating steel drum containing steel spheres (ASTM C131, ASTM D6928). However, these two
testing methods do not simulate the actual traffic loading conditions responsible for the
degradation and performance of the materials and do not test their full gradations, which strongly
affect their performance in the field.

The lowa DOT specifications for Class A and Class B crushed stone require less than 45% and
55% LA abrasion loss, respectively (lowa DOT 2012). Based on the responses to the web
survey, only 24% of the responding counties request LA abrasion test results for their virgin
granular materials.

2.4.2 Quantification of Particle Morphology

Aggregate particle morphology has long been recognized as an important factor affecting the
engineering properties and degradation of granular materials (Cheung and Dawson 2002, Cho et
al. 2006, Pan et al. 2006). Various parameters have been proposed to quantify the external
morphology of particles (Barrett 1980, Ozen 2007). Barrett (1980) conducted a literature review
to evaluate the relationships among these parameters and concluded that the various parameters
can be categorized into a three-tiered hierarchy of observational scales with respect to particle
size: form, roundness, and surface texture. The hierarchy is shown in Figure 2.10.

ROUNDNESS

SURFACE TEXTURE

Barrett 1980, Copyright © 1980, John Wiley and Sons

Figure 2.10. Particle shape characterization at different scales

For the first observational scale, also called the global form of a particle, almost all parameters
(e.g., flatness, elongation, sphericity, and oblate-prolate index) are calculated using the ratio of
the largest inscribed circle and the smallest circle circumscribing the projected area of the
particle, or the shortest and intermediate orthogonal axes, which are independent of the particle
size. Sphericity is the most commonly used parameter to describe the form of a particle. It is
defined as the ratio of the surface area of a sphere with same volume as the particle to the surface
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area of the particle (Wadell 1932). The Rittenhouse chart is traditionally used to quantify the
sphericity of particles (Rittenhouse 1943). For two-dimensional (2D) calculations, the sphericity
(W) can also be calculated using the diameter (r;) of the largest inscribed sphere divided by the
diameter (r;.) of the smallest circle circumscribing the project area, as shown in the equation
below (Wadell 1932):

Wi (2.3)

Tc

For the second observational scale-level parameters, there are three types of roundness
measurements: average roundness of corners, roundness of the sharpest corner(s), and convexity
in the particle outline. These are not independent and should be used for different purposes
(Barrett 1980). Krumbein and Sloss (1951) also developed a chart, which has been widely used
to date, for visual quantification of the sphericity and roundness of a particle (e.g., Figure 2.11).

[ pdp =02 "PCD = 920

PCDY PCD= 916
R=0.34 R_= 0.54

Sw. =0.98 \ Sy =.0.80

R=085-) R=0.96
\ Su1 0.8 Sy, =0.80

ﬁ‘\_

R %079
Sin'% 062 |

R=0.28
Sy = 0.70

Sphericity

0.5
Roundness

Zheng and Hryciw 2015, Copyright © ICE Publishing, all rights reserved. Géotechnique by INSTITUTION OF
CIVIL ENGINEERS (GREAT BRITAIN); THOMPSON, ANN E. Reproduced with permission of
THOMAS/TELFORD LTD. in the format Republish in other published product via Copyright Clearance Center.

Figure 2.11. Comparison of computational geometry results to Krumbein and Sloss

To quantify the roundness of a particle, Wadell (1932) defined a corner as “every such part of the
outline of an area (projection area) which has a radius of curvature equal to or less than the
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radius of curvature of the maximum inscribed circle of the same area.” However, Barrett (1980)
noted that ““if the limit were a straight part of the outline, all particles with convex outlines would
consist entirely of corners, some of which would have a radius of curvature of almost infinite
size.” Using advancements in image analysis technology, Zheng and Hryciw (2015) developed a
numerical method based on computational geometry to determine the particle roundness from 2D
images of particles, as shown in Figure 2.11. The roundness of a corner can be calculated as the
radius of curvature of the corner divided by the maximum inscribed circle of the 2D projected
area of the particle. The total (also called average) roundness of a particle can be calculated by
taking the arithmetic mean of the roundness of the individual corners.

Roundness of granular materials has been recognized as a significant factor influencing the
performance of granular-surfaced roads. Jones et al. (2013) suggest checking the roundness of
the aggregate in the materials used on unpaved roads because the roundness can greatly influence
the particle interlocking, and rounded aggregates should be crushed to obtain at least two fracture
faces to prevent raveling. Skorseth and Selim (2000) also discussed the benefits gained from
processing the material by crushing, which causes the broken stones to embed into the unpaved
road surface much better than natural rounded stones.

As developments in imaging and computational techniques have advanced, image-based particle
morphological analysis has become a more rapid, objective, and repeatable means of
classification (Al-Rousan et al. 2007). For example, high-definition cameras and scanners have
been used to collect 2D image data of aggregates. Automated three-dimensional (3D) image
analysis systems, including the University of Illinois Aggregate Image Analyzer (UI-AlA) and
the Aggregate Imaging System (AIMS), have also been developed for determining
morphological parameters at multiple length scales (Fletcher et al. 2003, Liu et al. 2016, Rao et
al. 2001). The accuracy and capabilities of several image analysis methods have also been
assessed by comparing their results to the Rittenhouse and Krumbein charts (Al-Rousan et al.
2007). However, Barrett (1980) recommends that “selecting parameters to characterize particle
shapes with different level of precision will depend on the problem being studied.”

In the following chapters, the laboratory and field performances of various mixtures of virgin
aggregates and recycled existing aggregate materials are evaluated. A new performance-based
gradation design method and spreadsheet tool is presented to help county engineers determine
the mixing ratios of fresh and existing materials to optimize strength and performance, and
construction procedures are recommended. Various laboratory methods for determining the
consistency of soils (liquid and plastic limits) were evaluated in a statistical laboratory study, and
recommendations are made for obtaining faster, more repeatable results. A new test method
named the Gyratory Abrasion and Image Analysis (GAIA) test was developed in this research to
overcome some limitations of the LA abrasion and Micro-Deval test methods by more closely
simulating traffic loading and the resulting abrasion loss. The GAIA test includes analysis of 2D
images of gravel-size particles to automatically quantify particle roundness and sphericity, as
well as particle size distribution (PSD). The GAIA test results can be used to develop more
efficient and economical performance-based compaction specifications.
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CHAPTER 3. LABORATORY EVALUATIONS OF GRADATION AND PLASTICITY
EFFECTS

3.1 Introduction

The main objectives of the laboratory study were to quantify the effects of gradation and
plasticity on the soaked shear strength and slaking characteristics of granular road surface
materials and to identify the optimum gradation and plasticity index of materials from southwest
lowa that would be used in the field test sections. To meet these objectives, a series of laboratory
California Bearing Ratio (CBR), unconfined compressive strength (UCS), and slaking tests were
performed. Based on the results of the laboratory tests and statistical analyses, a new
performance-based design method is proposed for specifying the gradation and plasticity of
materials for new granular roadway construction as well as the recycling of existing surface
materials by mixing with virgin aggregate and plastic fines.

3.2 Laboratory Testing Methods

Granular-surfaced roads are most prone to damage during spring thaws and rainy seasons, when
the thawing water or infiltrating water cannot drain efficiently and the nearly saturated surface
materials can easily lose strength under heavy agricultural traffic loads. Therefore, the laboratory
evaluations in this study were focused on quantifying the gradation and plasticity effects on the
post-saturation performance of surface materials. The sample preparation methods and testing
procedures used in the laboratory tests are detailed in the following sections.

3.2.1 Soil Index Property Tests

Particle size analysis and Atterberg limits tests were conducted in accordance with ASTM D422
and ASTM D4318. The standardized testing devices used are shown in Figure 3.1.
Representative specimens of the granular surface materials were obtained using a riffle sample
splitter and prepared in accordance with ASTM D421.

Particle size analysis consists of two parts: the sieve analysis (Figure 3.1[a]) and hydrometer test
(Figure 3.1[b]). Sieve analyses were used for material retained on the No. 200 sieve, and
hydrometer tests were used for determining proportions of silt and clay for particle sizes smaller
than the No. 200 sieve. The testing specimen was first split using a No. 10 sieve, and particles
retained on the No. 10 sieve were washed thoroughly and oven dried at 110°C before the sieve
analysis test. A representative portion of particles passing the No. 10 sieve (50 g for clayey
material and 100 g for silty material) was collected for the hydrometer test. The specimen was
soaked in a 40 g/L sodium metaphosphate solution for at least 16 hours and then dispersed before
the test using the air-jet dispersion apparatus. After completing the hydrometer test, the
suspended material was washed through a No. 200 sieve. The material retained on the No. 200
sieve was then oven dried at 110°C overnight to complete the of the rest of the sieve analysis test
for the medium and fine sand-size particle sizes between No. 10 and No. 200.

16



Figure 3.1. Devices for (a) sieve analysis, (b) hydrometer analysis, (c) plastic limit, and
(d) liquid limit tests

The liquid limit, plastic limit, and plasticity index of the testing specimens were determined in
accordance with ASTM D4318. The wet preparation method was followed for preparing
representative specimens for the tests. Distilled water was used to avoid alteration of the results
due to cation exchange. Liquid limit tests were performed according to the multi-point liquid
limit method, and at least three points were measured for each specimen. Plastic limit tests were
performed using the ASTM-recommended roller (Figure 3.1[c]) to provide more repeatable test
results than the conventional hand test method. The liquid limit test was performed using the
Casagrande cup, as shown in Figure 3.1[d]. Both LL and PL were rounded to whole numbers for
calculating P1. According to ASTM D4318, 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).

Based on the sieve analysis and Atterberg limits test results, the collected samples were
classified following the Unified Soil Classification System (USCS) and American Association of
State Highway and Transportation Officials (AASHTO) classification system in accordance with
ASTM D2487-10 and ASTM D3282-09.

3.2.2 California Bearing Ratio Test

To evaluate how gradation influences the shear strength of granular surface materials under wet
conditions, soaked CBR tests were conducted in accordance with ASTM D1883. The gradations
of test specimens were adjusted manually as stipulated in the standard. All of the specimens were
compacted to standard Proctor maximum dry unit weight and soaked for 48 hours before testing.
During the CBR test, the specimens were submerged in a water tub, as shown in Figure 3.2.
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After the CBR tests, sieve analysis tests were performed on the specimens in accordance with
ASTM C136.

Figure 3.2. CBR test conducted on soaked specimens
3.2.3 Unconfined Compressive Strength and Slaking Tests

To evaluate the effects of plasticity on the undrained shear strength and slaking behavior of the
granular surface materials, UCS and slaking tests were performed on specimens consisting of the
minus No. 40 fraction of the samples, as shown in Figure 3.3. For the UCS and slaking tests,
cylindrical specimens with a diameter and height both equal to 2 in. were prepared using the 2-
by-2 compaction apparatus developed at lowa State University (ISU). Previous studies have
demonstrated that the 2-by-2 compaction device can achieve moisture-density results similar to
those obtained by standard Proctor compaction tests (Oflaherty et al. 1963).

Figure 3.3. Photographs of (a) UCS test and (b) slaking test after 1 minute and
(c) 35 minutes on the control (C) and 4% bentonite-treated (B) 2-by-2 specimens
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The plasticity of the specimens was adjusted by incorporating different percentages of bentonite
powder (sodium montmorillonite). The slaking test was used to evaluate the long-term water
susceptibility of the specimens by placing them on a No. 4 sieve and submerging them in a water
tub, as shown in Figure 3.3(b). The time for the specimens to disintegrate and pass through the
No. 4 sieve was then recorded (Figure 3.3[c]).

3.3 Materials

In this study, two types of granular surface materials were collected from an existing granular-
surfaced road (County Road L-66) and a quarry (Macedonia Quarry) in Pottawattamie County,
lowa. A quantity of bentonite clay (sodium montmorillonite) was purchased from American
Colloid Company in East Colony, Wyoming, to adjust the plasticity of the testing specimens.

3.3.1 Granular Surface Materials

The experimentally determined soil index properties and classifications of the existing surface
materials and virgin quarry granular surface materials are summarized in Table 3.1. Compared to
the virgin aggregate, the existing surface material has much higher sand and fines contents due to
material degradation caused by traffic.

Table 3.1. Soil index properties of the two types of granular surface materials

Parameter Existing Surface Material Virgin Quarry Material
Particle size analysis results (ASTM D422-03)
Gravel content (%) 24.0 68.7
Sand content (%) 50.0 22.8
Silt content (%) 18.5 6.0
Clay content (%) 7.5 2.5
D10 (mm) 0.0038 0.2121
D30 (mm) 0.1147 4.4371
Deo (mm) 0.8146 12.1874
Coefficient of uniformity, cu 213.67 57.45
Coefficient of curvature, cc 4.23 7.61
Atterberg limits test results (ASTM D4318-10el)
Liquid limit (%) 17 25
Plastic limit (%) 15 16
AASHTO and USCS soil classification (ASTM D2487-11 and D3282-09)
AASHTO classification A-2-4(0) A-2-4(0)
USCS classification SM GP-GC
USCS group name Silty sand with gravel Poorly graded gravel

The particle size distribution curves of the existing and quarry materials are also compared to the
lowa DOT specification for granular surface materials in Figure 3.4. The existing degraded
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surface material contains too much sand and fines and therefore does not meet the lowa DOT
specification, while the virgin quarry material is at the lower boundary of the DOT specification
but has a slightly larger top size.
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Figure 3.4. Particle size distribution curves of the existing surface material and virgin
quarry materials relative to the lowa DOT specifications

The standard Proctor test was performed in accordance with ASTM D698 to determine the
optimum moisture contents and maximum dry unit weights of the two materials for preparing the
CBR test specimens. The resulting moisture-density relationships of the two materials are shown
in Figure 3.5. The optimum moisture contents and maximum dry unit weights of the two
materials are very similar, but the shapes of the curves are quite different. For the virgin quarry
material, a bulking moisture content that can result in the lowest dry unit weight due to capillary
attraction was observed between 6% and 8% moisture content. The compaction curve of the
existing surface material is relatively flat as moisture content increases from 2% to 6%.
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Figure 3.5. Proctor compaction curves for the existing surface and virgin quarry materials

Laboratory CBR tests were first performed on the specimens with their original gradations to
compare the shear strength of two types of materials. The CBR tests were conducted on both as-
compacted and soaked specimens for comparison. Neither of the materials showed significant
strength reductions after soaking, as shown in Table 3.2. However, the CBR values of the virgin
quarry material were about nine times higher than those of the existing surface material.

Table 3.2. Laboratory as-compacted and soaked CBR test results of the existing surface
and virgin quarry materials

Dry Unit Moisture CBR

Material (Testing condition) Weight (pcf) Content (%) (%)
Existing surface aggregate (as-compacted) 132.7 9.2 5.9
Existing surface aggregate (soaked) 131.8 8.9 4.8
Virgin quarry aggregate (as-compacted) 121.6 9.2 47.5
Virgin quarry aggregate (soaked) 122.3 9.2 42.2

3.3.2 Bentonite

The chemical composition and mineralogy of the bentonite powder were determined in a
previous project using X—ray fluorescence (XRF) and x—ray diffraction (XRD) analyses,
respectively (Li et al. 2015a). The XRD results showed that the bentonite used in this project was
sodium montmorillonite (Nao.3(Al,Mg)2SisO10(OH)2-4H20) with calcite (CaCOs) and quartz
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(Si02). The XRF results showed that the main chemical components of the bentonite were SiO2
and Al20s (Table 3.3).

Table 3.3 Chemical composition of the bentonite powder used in the laboratory study

Chemical
Composition Percent
SiO2 58.77
Al203 20.66
Fe203 3.81
SOs 0.86
CaO 242
MgO 3.61
Na20 2.45
K20 0.62
P20s 0.08
TiO2 0.18
SrO 0.03
BaO 0.02
Total 93.50
LOI 6.15

Bulk Moisture 7.60

3.4 Gradation Effects on the Soaked Bearing Capacity
3.4.1 Existing Surface Materials

To evaluate the influence of gradation on the bearing capacity of the granular surface materials
under wet conditions, laboratory soaked CBR tests were first conducted on the existing surface
material specimens with various gradations (Table 3.4). The gradations were obtained by sieving
out different percentages of the minus No. 40 material. The nine testing specimens covered a
wide range of gradations. The gravel contents (> No. 4 sieve) of the specimens varied from
20.8% to 50.1%, while the corresponding fines contents (< No. 200 sieve) varied from 30.3% to
1.2%. However, the sand content of all the specimens varied within 2%. The CBR test results
show that the maximum CBR of the specimens is 51.3%, which is more than five times the
minimum value of 8.9%. Based on these results, it can be concluded that the gradation of the
existing granular surface material greatly influences its saturated bearing capacity. This may
result in significant variations in the performance of granular-surfaced roads under prolonged
wet conditions.
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Table 3.4. Results of laboratory soaked CBR tests on existing aggregate specimens with
different gradations achieved by sieving minus No. 40 material

Compaction Moisture  Dry Unit ~ Gravel Sand Fines Soaked

Specimen No. Content (%)  Weight (ocf) (%) (%) (%) CBR (%)
1 9.0 1366 F£20.8 [F48.9|F30i3 [ 8.9
2 9.3 1346 255 W49 |F255 305
3 9.5 1376 275 W85 |FZ4 N 26
4 9.6 1305 285 95 |F22 W41 |
5 10.2 133.7 W82 |Fis6 412
6 9.7 130.7 P45 |F171 513
7 9.0 1245 482 |[10.8 507
8 9.0 131.4 W97 [ 5.8 378
9 9.0 135.0 501 |87 12 207

It is also important to note from Table 3.4 that the soaked CBR does not simply increase with
increasing gravel content or decreasing fines content. Instead, there is an optimum combination
of the gravel, sand, and fines particle size ranges that results in the greatest bearing capacity. To
evaluate in more detail how the different particle size ranges play an important role in the
saturated shear strength of the granular surface materials, the relationships between the soaked
CBR and the gravel, sand, and fines contents of the specimens are plotted in Figure 3.6.
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Figure 3.6. Effect of (a) gravel content, (b) sand content, and (c) fines content on the soaked
CBR of the existing surface aggregate specimens

The effect of sand content cannot be clearly determined due to its small range (< 2%) for the
specimens. However, clear trends for the gravel and fines contents can be fit by bell-shaped
curves, indicating that both can significantly influence the soaked CBR values. Also, optimum
percentages of the gravel and fines contents in terms of the soaked shear strength can be clearly
identified from the plots. These test results, therefore, indicate that there is an optimum gradation
(particle size distribution) that can provide the highest soaked shear strength for this particular
granular surface material. It is also probable that materials from other quarries with hardness,
angularity, and other mineralogical properties sufficiently different from those tested in this
study will have different optimum gradations.

3.4.2 Mixture of Existing and Virgin Surface Materials

To further validate the conclusion that an optimum gradation exists in terms of soaked shear
strength, another series of soaked CBR tests was performed on several specimens prepared by
mixing the existing (E) surface material from the roadway with virgin (V) quarry materials in
varied proportions (Figure 3.7). In this series of tests, the sand content of the mixtures covered a
wider range from 22% to 50%.
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Figure 3.7. Effect of (a) gravel content, (b) sand content, and (c) fines content on the soaked
CBR for mixtures of existing (E) and virgin (V) surface materials

The test results show that the CBR values of the specimens increased from a minimum of 26%
for the existing material to a maximum of slightly over 68% for a VV:E mixture somewhere
between 70:30 and 90:10, as shown in Figure 3.7. These results confirm that the soaked strengths
of granular materials depend more strongly on their gradation or particle packing than whether
the particles fall within a specific range.

3.4.3 Fuller’s Model for Parametrization of Particle Size Distribution Curves

It is expected that the influence of gradation on the soaked bearing capacity of granular surface
materials can be quantified using the laboratory CBR and sieve analysis data generated in this
study. To this end, parameters or models that can quantify the material’s PSD and packing are
needed. Various parameters and models were compared for the present study, and it was
determined that Fuller’s model (Equation 3.1) is the simplest mathematical model for
quantifying the PSD of well-graded granular materials (Fuller and Thompson 1907);
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(3.1)
where

the subscript i represents a particular sieve size

p; is the percentage passing sieve number i

Diis the corresponding sieve opening size

Dmax IS the maximum particle size (top size) of the gradation

n is a shape factor

In Fuller’s model, the gradation of a material can thus be represented by only two parameters:
the maximum aggregate size (Dmax) and the shape factor of the PSD curve (n). Previous studies
demonstrated that the coefficient of determination (R?) values of Fuller’s model are usually
higher than 0.97 for well-graded materials, but the model may not be appropriate for gap-graded
materials.

The PSD curves of the 14 laboratory CBR specimens tested in this study were fit by Fuller’s
model, giving the Dmax, n, and R? values listed in Table 3.5. The gradation and CBR test results
are also summarized in Table 3.5 in descending order of fines content (percent passing No. 200)
of the specimens. The maximum aggregate size varies from 20.7 to 26.4 mm, and the n value
varies from 0.17 to 0.64.
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Table 3.5. Gradations, Fuller’s model parameters, and CBR test results of the 14 specimens

tested in this study

Gradation

Parameters of Fuller’s Model

Water Content

As-compacted

Specimen % % % . ) after Soaking  Dry Unit Weight Soakeod
No. Grawel Sand Fines Dm(M) 1 R (%) (Ib/ft%) CBR (%)
1 [208 489 [303 082 017 0.97 111 1245 Il 89
2 255 F490 [255 100 0.0 0.98 9.0 129.7 I 305
3 F2rs Fass5 240 093  0.20 0.98 10.8 130.7 I 260
4 [309 [459 [232 092  0.23 1.00 9.4 130.9 P a7
5 [317 Fa57 [226 091 025 1.00 8.8 133.2 [ 560
6 F285 F495 [ 220 081 024 0.99 8.5 134.6 a0
7 F371 F425 [ 204 092  0.29 1.00 9.0 132.0 [ 633
8 [332 P482 186 085 028 0.99 10.1 135.7 i
9 F344 P485 [h71 084  0.30 0.99 9.4 137.3 [ 513
10 473 [368 [15.9 1.04 036 1.00 8.4 129.6 [ 660 |
11 Fa1l0 F482 [|108 086  0.36 0.99 9.0 136.0 [ 507
12 F6s.7 [228 [l 85 1.02 064 0.98 9.2 122.4 a2
13 Fa45 F49.7 | 58 0.84  0.43 0.98 8.2 131.4 I ars
14 501 Pa87 | 12 083 051 0.98 8.8 130.8 F 1207

The PSD curves of the 14 testing specimens are also compared to the current lowa DOT
gradation specification band for unpaved road surface materials in Figure 3.8. The gradation
curves cover a wide range from coarse graded to well graded, and a few of the curves are inside

the lowa DOT specification band.
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Figure 3.8. Particle size distribution curves of the 14 laboratory CBR test specimens
compared to lowa DOT Class A/B specification band

For granular road surface materials, the most commonly used top sizes are 3/4 in. and 1 in.
Additionally, n values between 0.1 and 0.7 in Fuller’s model can cover a wide range of
gradations, as demonstrated in Figure 3.9. The n value increases as the coarseness of the material
increases, and the material becomes more well graded as n decreases.

Fines
o o o
o o o
=8 g
100
90 A
80 -

70 i \

60 1 n=0.10
50 A

40 n=0.15
30 A
20 A
10 A

Percent Passing (%)

100 10 1 0.1 0.01

Particle Size (mm)

Figure 3.9. PSD curves generated using Fuller’s model with Dmax 0f 1 in. and n value
increasing from 0.1 to 0.7



3.4.4 Statistical Analysis of Laboratory Test Data

A multiple regression analysis was performed on the test data in Table 3.5 to quantify how
changes in gradation influence the soaked CBR strength of the tested material. The resulting
regression model equation, shown in Figure 3.10, has an R? of 0.80, and all variables of the

model are statistically significant with a 95% confidence interval (p values < 0.05 and
t values < -2 or > 2).

Soaked CBR (%) = 78.72-933.39(n)2-85.22(n)+34.53(n) (D) -6-74(D 1),
R2 =0.80, Number of specimens = 14, D, isin mm.
n
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Figure 3.10. Results of multiple regression analysis on soaked CBR test data: (a) 3D
regression surface, (b) 2D contour map of regression surface

A 3D surface plot of the regression model equation is compared to the laboratory testing results
in Figure 3.10 (a). In general, the soaked CBR value increases as Dmax increases, and a bell-shape
trend is exhibited for a given Dmax as n varies between 0.1 and 0.7. These results indicate that the
undrained bearing capacity of a well-graded granular material increases as top size increases, and
an optimal gradation in terms of the soaked CBR can be quantified by a particular value of the
shape parameter n for a given top size.

The regression surface is also plotted as a 2D contour map in Figure 3.10(b), which more clearly
shows that the optimal n value increases from 0.28 to 0.4 as Dmax increases from 0.77 in. to 1 in.
Because CBR is commonly used for designing the thickness of granular surface layers, and each
CBR data point in Figure 3.10(b) represents a specific PSD curve (see Table 3.5), this contour

plot can be used to develop performance-based design criteria that specify acceptable or target
gradation ranges for granular surface materials.

Compared to the lowa DOT specification in Figure 3.9, it can be seen that materials with a top
size of 1 in. and any n values between 0.35 and 0.65 can meet the specification band. However,
the 2D contour plot (Figure 3.10[b]) reveals that the corresponding soaked CBR values of this

range of materials decreases by an order of magnitude (from 65% to 5%) as n increases from
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0.35 to 0.65. This clearly demonstrates that an arbitrary gradation band is not sufficient to ensure
the strength and performance of granular road surface materials.

For a material with a given top size, Figure 3.10(b) also indicates that as the n value decreases
beyond the optimal value, the soaked CBR decreases rapidly and becomes practically
independent of Dmax. This may be explained by particle packing characteristics, as shown in
Figure 3.11; when the coarseness of a material decreases (n decreases) below a certain level, the
coarse aggregates eventually float in a matrix of finer particles (Figure 3.11[c]), and the particle
interlocking between the coarse aggregates is thereby greatly reduced, significantly lowering the
shear strength of the material.
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Figure 3.11. Schematics of particle packing states of a granular material with different
gradations

The saturated mechanical properties of the material are then governed by those of the fine matrix
(i.e., sands and fines). Conversely, when the coarseness of the material increases (n increases),
the material becomes more coarse graded (Figure 3.11[a]), and the CBR for a given top size also
decreases as n increases above the optimum value, but CBR remains somewhat proportional to
top size, as previously shown in Figure 3.10(b).

3.5 Plasticity Effects on Undrained Shear Strength and Slaking Characteristics

Previous studies have reported that the plasticity of granular road surface materials is related to
the severity of washboarding, potholes, aggregate loss, and dust emissions, as discussed in
Chapter 2. In the present study, laboratory UCS and slaking tests were conducted on the 2-by-2
specimens of minus No. 40 material treated with different percentages of bentonite clay to
determine the optimal plasticity index for granular road surface materials with respect to shear
strength and slaking characteristics.

The granular materials were sieved through a No. 40 sieve, and the minus No. 40 materials were
then treated with 2%, 4%, and 6% bentonite by dry weight. To disperse the bentonite and reach a
more uniform consistency, a 0.5% sodium carbonate (i.e., soda ash) solution was used to
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increase the water content of the bentonite-treated specimens, as recommended by Bergeson and
Wahbeh (1990). The UCS and slaking test results including the dry unit weights and moisture
contents of the specimens are summarized in Table 3.6 and Table 3.7, respectively.
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Table 3.6. UCS test results for 2-by-2 specimens treated with different percentages of
bentonite

Percent  Dry Unit Weight Moisture Content UCS

Bentonite (pcf) (%) (psi)
124.0 0.5 617.8
121.5 0.5 619.4
123.0 0.5 548.1
0% 112.0 8.6 42.0
111.8 8.6 46.8
111.6 8.8 449
122.5 0.3 940.6
123.1 0.3 954.9
123.1 0.3 972.4
122.7 0.3 907.5
123.1 0.3 971.2
123.2 0.4 906.9
2% 122.8 0.4 875.4
121.3 0.4 885.9
122.2 0.5 906.5
120.5 11.4 35.7
122.2 115 34.1
120.2 115 38.2
118.4 11 404.3
117.0 11 390.9
116.8 11 450.4
117.1 1.3 381.3
117.2 14 394.1
116.9 14 371.8
120.2 13.6 24.5
4% 117.6 13.7 22.9
119.0 13.7 19.7
120.3 13.7 22.0
117.2 13.7 23.6
117.2 13.8 20.7
118.2 13.8 175
116.7 13.8 21.6
117.5 14.0 19.1
114.5 15 449.5
114.7 1.6 432.9
108.4 1.7 400.1
6% 114.5 154 8.9
115.0 154 8.3
115.3 154 7.6
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Table 3.7. Slaking test results for 2-by-2 specimens treated with different percentages of
bentonite

Percent  Dry Unit Weight Moisture Content Slaking Time

Bentonite (pcf) (%) (min)
118.1 0.5 35
118.4 0.5 33
0% 113.7 8.6 8
113.9 8.6 8
113.0 8.6 10
121.1 0.3 39
122.1 0.3 60
122.0 0.3 110
121.3 0.3 50
120.8 0.3 50
2% 121.1 0.4 40
121.9 11.5 22
122.4 11.5 29
120.4 11.5 29
120.8 11.5 27
117.7 1.1 1080
119.6 11 990
119.1 1.1 1150
118.1 13.7 420
117.0 13.7 450
4% 115.7 13.7 540
118.5 13.7 840
118.5 13.7 420
116.6 13.7 720
107.6 13.8 300
120.0 13.8 269
117.9 13.8 300
115.5 1.6 2980
6% 114.8 1.6 2680
114.5 154 210
114.5 15.4 240

The UCS and slaking tests were conducted on specimens that were compacted at approximately
the optimum moisture contents and on similar specimens that were oven dried 24 hours at 40°C.
These two moisture contents approximate the upper and lower bounds of the moisture content
range observed in the field.

Results of the UCS and slaking tests are summarized in Figure 3.12(a) and Figure 3.12(b)
respectively, which both have logarithmic scales on the y-axes.
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Figure 3.12. Results of (a) UCS and (b) slaking tests conducted on 2-by-2 specimens of
minus No. 40 materials treated with different percentages of bentonite

Atterberg limits tests were also conducted on the untreated and bentonite-treated materials from
which the specimens were prepared. As detailed in the figure, the PI of the specimens increased
from 1 to 15 as the bentonite content increased from 0% to 6%.

Figure 3.12 (a) shows that the UCSs of the dried specimens are roughly similar for the range of
bentonite percentages used, but the UCS is reduced by one to two orders of magnitude as
moisture content is increased to near OMC. Additionally, the specimens with 6% bentonite (by
dry mass of minus No. 40 material) generally show the greatest reductions in strength. These
results suggest that adding excessive plastic fines such as bentonite may lead to rutting and
skidding issues under wet conditions.

For slaking behavior, Figure 3.12(b) shows that the oven-dried specimens yielded longer
disintegration times than the specimens with as-compacted (OMC+2%) water contents, as
expected, and the 4% bentonite-treated specimens yielded the best slaking behavior among the
specimens with as-compacted water contents. Based on these results, 4% bentonite by dry mass
of particles passing the No. 40 sieve may be the optimal percentage for treating crushed
limestone granular surface materials. Also, a target plasticity index range between 7 and 15 is
recommended for the minus No. 40 fraction of treated materials.

3.6 Optimum Gradation and Plasticity Index for Granular Surface Materials

The laboratory study presented in this chapter focused on evaluating the effects of gradation and
plasticity on the mechanical properties of granular road surfacing materials. Based on the results
of the laboratory tests and statistical analyses, a theoretical optimal gradation in terms of
maximizing the predicted soaked CBR for a given material with known top size can be
determined using the statistical model presented in Figure 3.10.

It is well known that particle packing is also influenced by the material’s morphology, whereas
the statistical model and corresponding optimum range of n values for Fuller’s model presented
here are based on test results of crushed limestone materials from southwest lowa. Based on the
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authors’ visual observations, most granular road surface materials, except for those consisting of
rounded river gravel, have very similar morphologies to those tested in this study. The statistical
model is therefore likely to be useful for examining the typical crushed limestone materials with
top sizes of 3/4 to 1 in. commonly used for granular road surfacing. However, the statistical
model requires further validation for other aggregate morphologies, for example, river gravel,
which has more rounded particle shapes.

Comparing the proposed method of using Fuller’s model with an optimum shape parameter n for
a given top size to several current DOT specifications in the form of arbitrary gradation bands,
the proposed method is more performance related and can be used to develop specifications with
more precise target gradation curves rather than a wide gradation band that can actually
encompass a large range of CBR strengths. For the plasticity effect, the laboratory test results
showed that adding plastic fines can reduce the shear strength under wet conditions, but greatly
improve the slaking performance. Based on the slaking test results, 4% bentonite by dry mass of
the particles passing the No. 40 sieve is recommended for use with crushed limestone, and the
recommended range of plasticity index is between 7 and 15.
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CHAPTER 4. DESIGN, CONSTRUCTION, AND PERFORMANCE OF FIELD TEST
SECTIONS

4.1 Introduction

The effects of gradation and plasticity on the soaked shear strength and slaking characteristics of
granular surface materials were evaluated by means of laboratory tests in the previous chapter.
To study the actual field performance of roadways constructed using the laboratory-determined
optimal gradation and bentonite content, an existing granular-surfaced road section in
Pottawattamie County and two granular-surfaced shoulder sections in Boone County, lowa, were
selected for constructing field test sections. The design, construction methods, and observed
performance of the test sections are detailed in this chapter.

According to the lowa County Traffic Map (DOT 2011), the annual average daily traffic
(AADT) of the selected road section on County Road (CR) L66 in Pottawattamie County was 80
in the year 2016. The width of the road was approximately 28 ft, with a very flat vertical profile,
as shown in Figure 4.1.

~ Cottonwood RD ‘

Total Distance:
2300ft

Figure 4.1. The selected granular-surfaced road section on County Road L66 in
Pottawattamie County, lowa

Shoulder test Site 1 is located on T Ave., a paved two-lane road with granular-surfaced shoulders
(Figure 4.2). The southbound shoulder was selected for building test sections. The AADT of this
road was 2,630 in the year 2015.
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Figure 4.2. Shoulder test Site 1 on southbound T Ave. south of 205th St. in Boone County,
lowa

Shoulder test Site 2 is located on the Exit 126 off-ramp of Highway 30 eastbound (EB) to
D Ave,, shown in Figure 4.3. The AADT of the ramp was not available, but significant truck
traffic was observed.
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Figure 4.3. Shoulder test Site 2 on Exit 126 off-ramp of eastbound Highway 30 to D Ave. in
Boone County, lowa

4.2 Field Testing Methods

To evaluate the performance of the various control and test sections, three series of performance-
based field tests and visual surveys were conducted. First, pre-construction field tests were
conducted to assess the initial conditions of the existing road and shoulder sections. Samples
were taken at this time to allow the optimum target gradations to be determined in the laboratory.
Using the gradation optimization spreadsheet, the quantities and proportions of various virgin
materials to add to the existing materials in order to reach the target gradations were determined.
Second, a series of as-constructed (pre-freezing) field tests were conducted to determine the
initial performance of the newly constructed sections prior to a winter freeze-thaw season. Third,
post-thawing field tests were conducted after the spring thaw to determine the resulting changes
in the stiffness, strength, and performance of the sections. This chapter describes the test setups
and data analysis methods of the various field testing methods.

4.2.1 Dynamic Cone Penetrometer Test

The dynamic cone penetrometer (DCP) test was performed in accordance with ASTM D6951-
09, Standard Test Method for Use of the Dynamic Cone Penetrometer in Shallow Pavement
Applications, to estimate the in situ bearing capacity of the surface and subgrade materials. 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, as
shown in Figure 4.4.
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Figure 4.4. DCP test performed on the Highway 30 off-ramp shoulder section

The penetration distance per blow, with units of inches per blow, is referred to as the dynamic
cone penetration index (DCPI). In situ CBR values (referred to as DCP-CBR) of both the surface
and subgrade materials can be estimated based on the DCPI values using the empirical
correlations of Equations (4.1) through (4.3):

for all soils except CL soils with CBR < 10 and CH soils,
DCP-CBR = 292/ (DCPI x 25.4) **2 (4.2)

for CL soils with CBR < 10,

DCP-CBR =1/(0.432283x DCPI) 2 (4.2)
for CH soils,
DCP-CBR =1/(0.072923x DCPI) (4.3)

Based on the DCP test results, the boundary between the surface and subgrade layers can be
estimated by jumps or sudden changes in the slopes of the depth profiles, as shown in Figure 4.4.
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Figure 4.5. Example of DCP depth profiles; (a) cumulative blows, (b) DCPI, and
(c) DCP-CBR

The weighted-average CBR of each material layer can then be calculated using Equation (4.4):

(CBR,x H,)+(CBR, ,xH, )---(CBR, xH )

i+l

2H

Weighted -average CBR = (4.4)

The notation DCP-CBRacc Will be used to denote the weighted-average CBR of the aggregate
surface layer, and DCP-CBRsc will represent the weighted-average CBR of the subgrade to a
depth of 18 in. below the interface with the overlying aggregate surface layer.

4.2.2 Light Weight Deflectometer Test

The light weight deflectometer (LWD) test was used to rapidly evaluate the composite elastic
modulus of the test sections. The test involves dropping a mass onto a circular loading plate and
measuring the peak ground surface deflection underneath the plate using an embedded
accelerometer. In this study, the LWD test was conducted using a Zorn Model ZFG 3000 device,
shown in Figure 4.6.
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Figure 4.6. Zorn Model ZFG 3000 LWD used in this study

The configuration of the device provide by the manufacturer is shown in Table 4.1. The
manufacturer recommends using the device on stiff cohesive soils, mixed soils, and coarse-
grained soils with maximum particle size less than 2.5 in.

Table 4.1. Properties of the Zorn ZFG 3000 LWD

Parameter Value
Falling weight (kg) 10
Drop height (mm) 710
Maximum applied force (KN) 7.07
Total load pulse (ms) 18+2
Deflection transducer Accelerometer in plate
Measuring range (mm) 0.2to 30 (£ 0.02)
Plate diameter (mm) 300
Plate thickness (mm) 20
Type of buffers Steel spring

For each testing location, the LWD test was performed by applying three seating drops of the
weight to improve contact between the loading plate and roadway surface and then measuring
the deflections for three subsequent load pulses. Based on Boussinesq’s solution (elasticity
theory), the elastic modulus (ELwp) can be calculated from the average peak deflection for the
three load pulses using Equation (4.5):
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d (4.5)

where do is the measured average peak deflection at the center of the loading plate (mm); v is the
Poisson’s ratio (assumed to be 0.4); g, is the normalized applied peak stress (MPa); A is the
radius of the plate (mm); and f is a shape factor that depends on the assumed contact stress
distribution. In this study, a shape factor of 2 was assumed, which corresponds to a uniform
stress distribution. The measurement influence depth of an LWD device is approximately equal
to the diameter of its loading plate (Vennapusa et al. 2012).

4.2.3 Multi-channel Analysis of Surface Waves Test

The multi-channel analysis of surface waves (MASW) test was evaluated for determining elastic
moduli of multi-layered granular-surfaced road systems in previous lowa DOT projects (Li and
Ashlock 2017, Li et al. 2017a, Li et al. 2015a). Compared to the FWD test, the MASW test
evaluates the stiffness of the material layers at much lower strain levels. To generate the surface
waves, a 2 Ib ball-peen hammer with an attached accelerometer for triggering was used as a
seismic source to impact a 6 in. square by 1 in. thick aluminum plate resting on the road surface.
The vertical motion of the generated surface waves was measured using an array of 24 4.5 Hz
geophone receivers installed on a custom-built land streamer with 6 in. spacing. The lower
amount of energy (compared to the energy produced by a larger 10 Ib sledgehammer used in
some tests) and close receiver spacing were selected to focus the measurements on the surface
aggregate layer and top few inches of subgrade. The MASW test configuration is summarized in
Table 4.2.

Table 4.2. Configuration used for the MASW test

Test Setup Parameter Value
Source-to-first-receiver offset (x1) 12 in.
Receiver spacing (dx) 6 in.
Total number of receivers (N) 24
Total length of receiver spread (XT) 115 ft

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 modulus, can be determined for
both of the surface and subgrade layers. Data from the MASW tests were used to back-calculate
the shear-wave velocity (Vs) profile through an inversion procedure that uses the measured
dispersion characteristics of the surface (Rayleigh) wave velocity (Vr) as input.

The MASW back-calculation procedure typically involves specifying layer unit weights and
Poisson’s ratios, after which the optimization procedure automatically searches over ranges of
layer thicknesses and shear-wave velocities to find a best match between the measured and
theoretical dispersion images. In this study, however, the thicknesses of the surface layers were
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set equal to the values determined from the DCP test data, which enabled the back-calculation
procedure to search only over a range of layer shear-wave velocities, thus reducing the
computation time. The laboratory-determined standard Proctor maximum dry unit weights of the
surface aggregate (130 pcf) and subgrade (96 pcf) were used for all sections in the back-
calculations. The Poisson’s ratios of the surface aggregate and subgrade material were assumed
to be 0.3 and 0.4, respectively.

4.2.4 Dustometer Test

A dust measurement device developed at Colorado State University (Sanders and Addo 2000)
was used to evaluate the fugitive dust emissions of the test sections. The test setup is shown in
Figure 4.7. The dustometer is a metal filter box mounted on the rear bumper of a 1/2-ton pickup
truck and connected by a 2 in. hose to a 1/3-horsepower high-volume suction pump. The suction
pump is powered by a gas generator secured to the truck bed. The 10 by 10 in. opening of the
metal filter box is covered with a 200 um mesh metal grid and is horizontally aligned with the
left rear wheel of the test vehicle. For each test, a pre-weighed glass fiber filter paper (0.3 um) is
placed inside of the filter box to collect dust. The vehicle is driven at a speed of 45 miles per
hour (mph) during the test, and the suction hose is connected and disconnected from the running
vacuum pump at the beginning and end of the test section. After the test, the filter paper is
removed from the box and stored in a pre-weighed zip-top plastic bag for later weighing. The
test results are reported in grams of dust collected per mile.
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Figure 4.7. Dustometer test setup (a, b, and c¢) and a test conducted on the granular-
surfaced road test sections (d)

4.2.5 Surface Conditions by Roadroid Smartphone App and Visual Ratings

Roadroid is an Android smartphone application developed by a Swedish company to evaluate
roadway surface roughness and friction by using the built-in accelerometers and GPS sensors in
modern smartphones (Jones and Forslof 2015). The app was used in this study to measure the
roughness and friction coefficients of the test and control sections.

For the roughness test, the smartphone was mounted to the windshield of a 1/2-ton truck using a
rigid windshield cellphone mount. The driving speed of the testing vehicle was controlled
between 38 and 56 mph. During the test, the app can also automatically take photos or videos of
the tested road sections. The collected testing data and photos were uploaded to the company’s
website for the further data processing and visualization (Figure 4.8).
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Figure 4.8. Visualization of the Roadroid roughness test data collected on the L66 test
sections on August 9, 2016

According to Sayers et al. (1986), there are four classes of road roughness measuring methods:
Class 1 — precision profiles, Class 2 — other profilometric methods, Class 3 — International
Roughness Index (IRI) estimates from correlation equations, and Class 4 — subjective ratings and
uncalibrated measures. The Roadroid app can provide two types of IRI values at the Class 3
level: (1) estimated IRI (elIRI) values, which are determined based on correlations between the
cellphone vibration data and Swedish laser measurements on paved roads, and (2) calculated IRI
(cIRI) values, which are calculated based on the quarter-car simulation model (Jones and Forslof
2015). In this study, the cIRI was used to compare the surface roughness of the test sections.

The Roadroid app was also used to evaluate the braking friction of the testing vehicle on the test
sections. According to the instructions for the friction test, the vehicle should first reach a speed
of at least 30 mph and then brake as hard as possible for at least 3 to 4 seconds, or until the
vehicle fully stops. If the vehicle does not stop in this time period, the brake pedal should be
released. The vehicle deceleration data is automatically analyzed, and the calculated friction
coefficient () of the roadway surface is immediately displayed and recorded.

A visual rating report form (Table 4.3) was developed so that grader operators could record their
visual evaluations of the test section surface conditions. The rating report was created following
the “Visual Assessment System for Rating Unsealed Roads” proposed by Huntington and
Ksaibati (2015). The major distress types, including rutting, washboarding, potholes, loose
surface aggregate, dust, and loss of crown, can be quantitatively evaluated using the form. In this
study, a county motor grader operator used the rating report to document maintenance activities
and visual evaluations of the test section surface conditions on different dates during the freeze-
thaw period.
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Table 4.3. Unpaved road surface condition rating report

Road Name

Section Name

Inspector Name

Length of Section (ft)

Width of Section (ft)

Road Condition (e.g. Wet or Dry)

Notes: (examples: Dust was not assessed due to moisture in surface material. Two blading passes were performed.)

Score Rutting Washboarding Potholes Loose Aggregate Dust Crown
9 No or negligible ruts No or negligible No or negligible No or negligible
corrugations potholes loose aggregate;
8 Ruts less than 1" deep | Less than 1" deep; Most small Berms <1" deep;
and less than 5% of the | less than 10% of | potholes less than | Loose aggregate.
7 roadway surface roadway surface 1" deep and less <3/4" thick
area than 1' diameter
6 Ruts between 1"-3" 1"-2" deep;10%- Considerable Berms <2" deep;
deep and 5% to 15% of | 25% of roadway | potholes less than | Loose aggregate
5 the roadway surface surface 3" deep and less <1.5" thick
than 2' diameter
4 Ruts between 3"-6" 2"-3" deep; over | Many potholesup | berms between No visible dust
3 deep and 10% to 40% | 25% of roadway | to 4" deep and 3' 2"- 4" deep; Minor dust and Cross-slope
of the roadway surface surface in diameter no visible >3%; good
obstruction rooftop shape
2 Ruts between 6"-12" | Deeper than 3”; Upto 8" deepand | berms>4"deep | Significant dust; 1% to 3%
deep over 30% of > 4" in diameter Dust loss is
roadway surface major concern
1 Ruts over 12" deep Impassable Impassable Sand dunes Heavy dust and <1%
obscures vision
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4.2.6 Ground Temperature Monitoring

To monitor the ground temperature and frost depth of the granular-surfaced road test site in
Pottawattamie County, two vertical arrays of thermocouples were installed on November 23,
2017 and monitored continuously through the 2016-2017 seasonal freeze-thaw period. One array
was installed under the centerline and the other near the west shoulder (Figure 4.9).
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Figure 4.9. Cross-section profile of roadway and layout of the ground temperature sensors
(not to scale)

A total of eight thermocouples were embedded in each hole. The top sensors were positioned at
the boundary between the surface aggregate and subgrade, approximately 6 in. below the road
surface. The remaining sensors from 1 to 7 ft below the road surface were spaced at 1 ft
intervals. The ground temperature data was recorded at 15-minute intervals using two Omega
OM-CP-OctTemp2000 data loggers. The sensor installation procedure is shown in Figure 4.10.
A trench was first dug using an automatic chain trencher. Two holes were then created by
pushing a custom-fabricated steel rod with a 1/2 in. conical tip into the ground with the aid of a
small amount of water. A hammer drill with a 12 in. long bit was used to help start the hole near
the centerline. The sensors were attached to the 3/8 in. fiberglass rods using Gorilla tape, and the
rods were then easily pushed into the holes, resulting in very good contact with the surrounding
subgrade soil. The thermocouple wires were routed along the trench to a wooden table through
1in. PVC pipes filled at the end with expanding spray foam to keep pests out, and then the wires
were connected to the data loggers, which are sealed in a weatherproof Pelican case.
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Figure 4.10. Installation procedure for the subgrade temperature sensors
4.3 Results of Pre-construction Tests and Visual Surveys

The pre-construction field tests and visual surveys were conducted to determine the mechanical
properties, road geometries, and thicknesses of the granular surface layers of the selected road
and shoulder sections. Representative surface and subgrade samples were collected for
laboratory determination of the soil index properties.

4.3.1 Granular-surfaced Road Section

Two sets of visual surveys and field tests were conducted on the selected road section, on April
14, 2015 and March 29, 2016. The DCP test results are summarized in Table 4.4. The average
thickness of the surface layer decreased from 3.9 in. to 3.7 in. after one year, and the CBR values
of both the surface and subgrade materials decreased significantly. Based on the visual surveys,
the existing surface material had a top size of 3/4 in. and contained excessive sands and fines.
The roadway surfaces were dry for both testing periods.
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Table 4.4. Pre-construction DCP test results of the selected road section on CR L-66

Distance
Testing  from South Surface Layer Weighted-Average Weighted-Average
Date End (ft) Thickness (in.) CBRacc (%) CBRsc (%)
250 3.0 33.7 14.9
450 4.0 90.2 25.0
411412015 650 3.0 a?:/g 728 1a1\/%0 17.6 2898
850 5.7 ' 174.9 ' 14.7 '
1,050 6.5a 178.4 11.7
300 3.1 38.4 6.5
600 4.1 44.7 5.0
900 4.4 3.7 73.3 8.6 6.7
3/29/2016 1,800 4.4 avg. 358 2V g avg.
2,100 3.3 32.7 35
2,400 3.1 22.3 2.2

2 The testing location close to the bridge approach had a much thicker aggregate surface layer. This location is not
included in the calculation of the average thickness of the aggregate surface layer.

The sieve and hydrometer analysis tests were conducted on representative surface-course and
subgrade samples collected on March 29, 2016. The subgrade material contained 99% fines,
consisting of 66% silt and 33% clay, with an AASHTO classification of A-7-6(26) (USCS: CL).
The existing granular surface course had an AASHTO classification of A-1-b (USCS: SM), and
contained much more sand and fines than both the lowa DOT specification and the optimal
gradation determined in the laboratory study using Fuller’s model (Dmax= 1 in. and n = 0.4), as
shown in Figure 4.11.
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Figure 4.11. Particle size distributions of existing surface and subgrade materials of the
selected granular-surfaced road section on CR L-66
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To identify the sources of the excessive sand and fines in the surface material and measure the
actual thickness of the surface layer, excavations were performed using a hammer drill at two of
the DCP test locations on April 14, 2015 (Figure 4.12).

: 2 5. ‘p\":‘; AJ(.; AL
Figure 4.12. Excavation performed on the test section to measure thickness of surface layer
and identify the source of excessive fines

Based on the DCP test data, the first test location at 650 ft from the south end of the road section
IS representative of the average road condition. The second location at 1,050 ft from the south
end was very close to the bridge abutment and had a much thicker aggregate surface layer, likely
due to repeated settlement and placement of fresh aggregate (the “bump at the end of the bridge”
problem). During excavation, the materials for each inch of depth were removed and stored in
zip-top bags to determine the profiles of gradation and plasticity with depth through laboratory
testing. The gradation and Atterberg limits test results of the samples collected at the different
depths are shown in Figure 4.13.
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Figure 4.13. Depth profiles of gradation, Atterberg limit, and DCP-CBR values of
excavated (a) Location 1 and (b) Location 2
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The laboratory test results show that the surface material of Location 1 was nonplastic and
contained more gravel and sand than the subgrade material (Figure 4.13 [a]). The CBR of the
surface material was approximately 70%, while that of the subgrade was approximately 20%.
The top inch of subgrade also had higher gravel and sand contents due to mixing with the
overlying surface course materials. Based on the field observations, the interface between the
surface and subgrade layers was very clear, which indicates that the excessive amounts of fines
and sand-size particles in the surface material were primarily caused by material degradation of
the crushed limestone due to heavy traffic loading and not by migration of the subgrade into the
surface course.

For Location 2 near the bridge, the gravel content of the surface material remained relatively
constant in the top 4.3 in. and then increased with depth, as shown in Figure 4.13 (b). The
plasticity of the surface material also increased with depth. These results indicate that the top
layer of surface aggregate degraded more than the bottom layer, and the bottom layer may also
have been contaminated due to subgrade intrusion.

The actual thicknesses of the surface aggregate layers measured during the hand excavations
were approximately 0.5 in. less than those estimated by the DCP tests. These discrepancies may
be due to the fact that the top layer of subgrade was compacted by traffic, giving it a similar
shear resistance to the surface material under dry conditions.

4.3.2 Granular-Surfaced Shoulder Sections

The pre-construction visual survey and field tests were conducted on the T Ave. shoulder section
(granular shoulder test Site 1) on April 19, 2016. The district maintenance crews reported that
this section typically suffered significant rutting and edge drop-off issues during thawing and
rainy periods. However, no significant damage was observed during the pre-construction visual
survey.

The pre-construction DCP test results for shoulder Site 1 are summarized in Table 4.5. The
surface-subgrade interface could not be clearly determined from the results because of the
similar CBR values for the two materials. Additionally, field excavations revealed that the
surface and subgrade materials were mixed together, resulting in a gradual transition between
their CBR values.

Table 4.5. Pre-construction DCP test results of granular shoulder test Site 1

Distance from Weighted-Average Weighted-Average

North 205th St (f)  CBRacc (%) CBRs (%)
200 19.9 15.9
400 25.5 13.2
600 7.9 13.3
800 39.1 8.6
1000 38.1 11.0
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Representative pre-construction surface and subgrade shoulder materials were also sampled for
laboratory tests. The particle size distributions of the samples are shown in Figure 4.14. The
surface material had a top size of 3/4 in. and contained excessive fine gravel and coarse sand-size
particles compared to the lowa DOT specifications. The subgrade consisted of well-graded soils
containing about 60% sand and 40% fines.
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Figure 4.14. Particle size distributions of existing surface and subgrade materials of T Ave.
shoulder section

For the Highway 30 ramp shoulder section (granular shoulder Site 2), two groups of visual
surveys were conducted before and after the 2015-2016 freezing and thawing periods, on
November 3, 2015 and March 22, 2016. The selected ramp section was superelevated, with a
cross-slope of approximately 15 degrees. The survey photos taken on November 3, 2015 show
that the finer particles of the surface material had been removed by wind or runoff from the
pavement surface, resulting in a very coarse gradation with little to no cohesion and a loose state
(Figure 4.15[a]). After the thawing period in March 2016, the shoulder section yielded large edge
drop-offs exceeding 4 in., as shown in Figure 4.15 (b and c¢). The loose aggregate materials were
also pushed aside by traffic.
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i

Figure 4.15. Survey photos of Highway 30 ramp section (granular shoulder test Site 2):
(a) surface material on November 3, 2015, (b and c) edge drop-off on March 22, 2016

The DCP test results show that the granular-surface layer of the highway ramp section was
approximately 10 in. thick with an average CBR of 71.3%, but the top 2 in. of the aggregate
surface layer had lower CBR values than the lower part of the aggregate layer, as shown in
Figure 4.16.

54



Cumulative Blows DCPI (in./blow) CBR (%)
0 50 100 150 200 250 00 05 10 15 20 1 10 100 1000
Lo N T ST Y S W1

O A\AA U T ST S NN T S T N ST S S S S S ST S O 1 |J4IJ | R 0 ] Lol 11 AAL:,“H Lol
. il ] ﬁ;
] iy 1 AGGREGATE &
F =
] AGGREGATE 14 AGGREGATE ] _f
10A——iY ———————— - et = —— ST, U P — . ——
SUBGRADE 1 i SUBGRADE ] i SUBGRADE
=15 4 — Point1 || 215 1 =15 1
Z i e Po@ntz ;‘/ i
= Point 2 § §
3 20 A 20 8 20 A
25 1 25 1 25
30 30 - 30 :
} (@) ] ] (b) ] l ©
35 35 35

Figure 4.16. DCP depth profiles of Highway 30 ramp shoulder section;
(a) cumulative blows, (b) DCPI, and (b) DCP-CBR

For this test site, the loose surface aggregate in the top 2 in. and deeper materials from 2 to 4 in.
depths were sampled for laboratory testing. The gradation of the loose upper aggregate was
coarser and contained approximately 0% fines, while the PSD of the lower material was close to
the optimal PSD determined in the laboratory study using Fuller’s model (Figure 4.17).
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Figure 4.17. Particle size distributions of existing surface materials of Highway 30 ramp
shoulder section (granular shoulder test Site 2)

Based on the visual surveys and field and laboratory test results, the typical damage types,
possible causes, and gradation issues for the existing surface materials of the three test sites are
summarized in Table 4.6.

Table 4.6. Typical damage types, possible causes, and gradation issues for the existing
surface materials of test sections

Test Site Typical Damage Possible Causes of Damage  Gradation Issues
Granular-surfaced Rutting and dust Material degradation and Excessive sand and
road on CR L-66 g aggregate loss fines contents
Shoulder Site 1 on . Material degradation and Excessive sand

Rutting and dust
T -Ave aggregate loss content
Shoulder Site 2 on Edae drop-off Loss of fines and heavy Loss of fine
Highway 30 ramp g P traffic particles

The laboratory evaluations in Chapter 3 showed that the gradation of granular surfacing
materials can significantly influence their soaked shear strength. Therefore, modifying the
gradation of the existing materials towards the optimal gradation and plasticity may help to
minimize or prevent the rutting and edge drop-off issues during prolonged thawing and wetting
periods. In addition, the plastic fines can bond large particles of granular materials, which may
improve the slaking characteristics and reduce dust and aggregate loss under dry conditions. To
recycle the existing granular surface material in an efficient manner, the approach used in this
study was to blend them with various combinations of available virgin materials in proportions
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that would result in a gradation of the mixture as close as possible to the optimal gradation
characterized in terms of the Fuller’s model parameters.

4.4 Design and Construction of the Test Sections

In this study, an investigation was conducted to identify potential construction equipment to cost-
effectively modify the gradation of existing granular surface materials. Based on the laboratory
and field test results, test sections were designed and constructed.

4.4.1 Investigation of Potential Construction Equipment for Recycling Granular Surface
Materials

Based on the web survey results and field observations, most granular surface materials
contained excessive fines. Several types of equipment that can potentially be used to process
existing granular surface materials to enable removing the fines were evaluated in a desk study.
However, most of the commercial equipment included crushing, milling, and full-depth
reclamation machines that are typically used to crush large size rocks or pavement surfaces but
cannot easily control the material gradations or fines contents. Some types of on-site or mobile
screeners, including railway ballast cleaners and mobile screeners, could be used to screen out
large aggregates and remove finer particles, but the opening sizes of the screeners are too large
for processing granular surface materials (the smallest opening is usually 1/8 in.), and the process
could be very time-consuming and expensive.

As an alternative, the feasibility of using a vacuum street sweeper to reduce fines contents of
existing unpaved road materials was briefly evaluated in this study. A field demonstration test
was conducted on a granular-surfaced parking lot at lowa State University. A commercial
vacuum street sweeper (Green Machines Model 636) owned by ISU was used to remove fine
particles of the existing surface material, as shown in Figure 4.18. The field test showed that the
street sweeper can rapidly and effectively remove fines of the loose surface material, but without
any modifications, the mechanical brooms cannot break through the surface crust to disturb
deeper materials, as shown in Figure 4.18(b).

For the field evaluation, two tests were conducted. The first test was conducted using the street
sweeper without any modification. It can be observed that the larger size particles were
vacuumed into the hopper, as shown in Figure 4.18(c) and Figure 4.18(e). To keep the larger
particles on the roadway surface, a No. 10 screen (0.079 in.) was installed at the entrance of the
hopper, as shown in Figure 4.18(d), and a second test was conducted. With the screen installed at
the entrance of the hopper, the large size aggregates were effectively prevented from being
vacuumed into the hopper (Figure 4.18[f]).
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Figure 4.18. Demonstration of using a vacuum street sweeper to remove fines of granular
surface materials: (a) vacuum street sweeper, (b) vacuumed roadway surface with coarse
material brushed to center and sides, (c) vacuum chute without a screen, (d) vacuum chute
with screen installed to retain coarse material on road, (¢) material in the hopper
vacuumed without the screen, and (f) material in the hopper vacuumed with a screen

The gradation of the existing and vacuumed surface materials as well as the processed materials
from the hopper are compared in Figure 4.19. The results show that the vacuum street sweeper
effectively reduced the sand and fines contents, and the screen installed at the entrance of the
hopper kept more of the large particles on the road. However, the smallest size of the screen that
can be used without damage was not determined.
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Figure 4.19. Particle size distributions of materials collected from street sweeper trial tests

Based on the findings from the desk study of potential processing equipment, coupled with the
fact that most of the excessive fines in the survey were reported to come from degradation of the
granular surface material rather than migration of the subgrade soils, it was determined that a
more practical and economical approach would be to blend in more coarse material to reach the
optimum gradation rather than trying to remove the fines.

4.4.2 Design and Construction of the Granular-surfaced Road Test Sections

Three test sections adjacent to one unmodified control section were constructed on County Road
L66 in Pottawattamie County, lowa, on July 68, 2016. The field test sections were designed
based on the findings from the laboratory study. The target optimal gradation used was Fuller’s
model with parameters Dmax = 1 in. and n = 0.4. To improve slaking and minimize aggregate
loss, 4% bentonite by dry mass of material passing No. 40 was chosen, which corresponds to 2%
bentonite by dry mass of the entire gradation. The field performance and durability of the three
test sections constructed using various granular surface materials and construction methods were
evaluated through a seasonal freeze-thaw period.

To recycle the existing surface material, a Microsoft Excel-based program was developed in this
study to optimize proportions of two or three available quarry materials that would be mixed
with the existing surface material and/or subgrade to reach the target optimal gradation (Figure
4.20). This tool was then used to design the test sections based on the properties of the existing
and available materials. The spreadsheet is available for download at
http://www.intrans.iastate.edu/research/projects/detail/?projectiD=-920722728.
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http://www.intrans.iastate.edu/research/projects/detail/?projectID=-920722728

Gradation Optimization for Granular Surface Materials
Developed in Iowa Highway Research Board Project TR-685

Purpose:
This program was developed based on a performance-based free-design approach used to recycle existing degraded surface materials of granular-surfaced roads by mixing in fresh quarry materials with or without subgrade to achieve an
optimized target gradation. This program was developed in the [HRB Project TR-685 sponsored by the Iowa DOT.
Theory:
This program calculates the target optimal gradation based on the maximum aggregate size (D ) and particle size distribution shape factor (2} of Fuller's model. The optimal range of the n value is recommended based on experimental
and field test results obtained in Project TR-683. The gradation of representative existing surface and/or subgrade materials need to be accurately determined by users. If the subgrade will be incorporated to improve the plasticity of the
surface material, the gradation of the existing surface plus subgrade mixture will be calculated in the program and compared to the theoretical optimal gradation, and then the missing size ranges will be identified. Since the resulting target
virgin material gradation may not be locally available, the program can also optimize the proportion of two or three locally available materials to provide the closest gradation to the target virgin material pradation.
Inputs:
The green color cells are the inputs that need to be provided by

1sers. The dry unit weights of the surface and subgrade materials can be adjusted based on users' experience. The average thicknesses and representative gradations of the
existing surface aggregate and'or subgrade need to be measured. If the subgrade will not be incorporated, enter 0 for the thickness and gradation of the subgrade. The target final thickness of the surface aggregate layer must be more than
four times the top size of the virgin material.

Instructions:

1. Click "Enable Editing" and then "Enable Contents” in the yellow security warning ribbon above.

2. Fillin the green cells.

3. Enter the gradations of the available virgin materials.

4. Ifusing only two materials, enter zeros in the Quarry Material C column.

5. Click the "INSTALL SOLVER" button to activate the Excel Solver Add-in.

6. Click the "RUN" button

7. The optimized proportions and quantities of the virgin materials are shown in the bhue cells

District ‘ |Pruje:1 ‘ Granular Surfaced Road |Daie ‘ 9/3/2017
County | Cass County [Note | This is a trial version of the program [Designer | Chengli
Road Geometry Properties of Existing Materials
Road Length | 5280‘& Thickness of Existing Suface Material 1.50|in.
Average Road Width | 267 Dry Unit Weight of the Virgin Material 125 pcf INSTALL SOLVER
Thickness of Subgrade to be Incorporated into the Surface 1.00]in.
Final Design Parameter Dry Unit Weight of the Subgrade 90| pef
Target Final Thickness 5.00]in. Total Thickness of the Existing Surface and Subgrade 2.50]in.
Target Maximum Aggregate Size (Dps,) 1.00|in.
Target Gradation Shape Factor (n) 0.35/0.35 to 0.40 is recommeded. The coarseness increases as the n value increases. RUN
Existing Surface subgrade Calculated Gradation of [ Quarry Quarry Quarry Optimized Target Virgin | Final Gradation |Final Gradation with
Sieve No. |Sieve size (mm)| Optimal Gradation (%) Material Gradation (%) the Existing Surface and | Material A [ Material B | Material C | Quarry Virgin Material ‘with Target Virgin | Optimized Virgin
(%) bgrade Mixture (%) (%) (%) (%) ion (%) ion (%) | Material (%) Material (%)
2 50.8] 100.0 100.0 100.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 100.0
L5 38.1 100.0 100.0 100.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0 100.0
1 25.4] 100.0 100.0 100.0 100.0 99.0] 93.0 0.0 94.3 100.0 100.0 97.1]
3/4] 19.00 50.3 93.0 100.0 95.3 77.0] 78.0) 0.0 77.8 85.4] 50.3 86.5
1/2| 12.70 78.5 88.9 98.8 92.14 36.0} 60.0) 0.0 55.0 64.8] 78.5 73.5
3/8| 9.51f 70.9 84.8 97.1 88.5] 18.0} 51.0 0.0 24.1 53.0 70.9 66.4]
#4) 4.76| 55.7] 70.8 95.4 78.8] 16.0} 36.0) 0.0 318 325 55.7) 55.3
#3 2.38] 43.7] 56.3 93.8 68.5 13.0] 28.0) 0.0 24.8 18.9 43.7 46.7
#16 119 34.3 2.7 92.3 60.1} 110} 21.0) 0.0 18.9 84| 34.3 39.5
#30 0.595 26.9 35.5 91.2 53.6 9.6 16.0) 0.0 14.7) 0.2] 26.9 34.1]
#50 0.297 211 27.0 90.3 47.5 5.4 13.0] 0.0 11.4 0.0] 23.8 29.5
#100 0.149 16.6) 204 88.0 42.3 3.2] 11.0) 0.0 9.4 0.0) 21.2 25.8]
#200 0.075 13.0} 16.6 87.1 39.5 0.0 9.6 0.0 7.6) 0.0] 19.7) 23.5
Proportion (%) 21 79| 0f 100 100
Quantity (tons) 375.9 1411.6 0.0 1787.5 1787.5
Input Gradations & ¥ s o Calculated Gradations& % = & = 5 . o
8 8 8 55 2 g 2 38 & & E 55 55 55
100 e 100 o
90 ; P__.,‘l—-i 90
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Figure 4.20. Screenshot of the gradation optimization program

According to the AASHTO 1993 aggregate-surfaced road design catalog (AASHTO 1993), a
surface thickness of 7 in. is recommended for roads in climatic Region 3 with fair- or good-
quality subgrades and low traffic volumes. Therefore, the sections were designed with a
thickness of 7 in. The lengths and nominal as-built cross-section profiles of the four granular-
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surfaced road test sections determined based on the as-constructed DCP test data are shown in
Figure 4.21.

For Section 1, the existing surface material was recycled by mixing in Virgin Aggregate 1
(quarry road rock) to reach to the optimal target gradation (n = 0.4, Dmax = 1 in.) based on the
findings from the laboratory study, and bentonite was added to increase plasticity. To account for
material loss during construction, the target rate of bentonite application was increased from 2%
to 3% by dry mass of the entire gradation. To evaluate the influence of the plasticity of the
granular surface material, Section 2 was constructed with the same materials, but without the
bentonite. For Section 3, a different type of material termed Virgin Aggregate 2 (quarry road
rock containing excessive fines) was mixed with the existing aggregate without adding bentonite.
Section 4 was a control section featuring existing aggregate and current maintenance practices
for comparison.

- ‘e . _ 7 in. Virgin Agg. 2
| 4in. Virgin Agg 1 E;?er::;gxlgg?gg;; + Existing 6 in. Existing
' ' Aggregate
+ Existing Aggregate ggreg
Aggregate
Subgrade (DCP-CBRgz=17%)
AASHTO: A-7-6(26) and USCS: CL
t f 1' f f
500 ft 500 ft 1000 ft 300 ft

Section 1 Section 2 Section 3 Section 4

Figure 4.21. Nominal cross-section profiles of the granular-surfaced road test sections (not
to scale)

The construction procedures and equipment used for building the test sections are shown in
Figure 4.22. For Sections 1 and 2, the Virgin Aggregate 1 material was dumped on the roadway
surface and mixed with the existing surface material by windrowing using motor graders, as
shown in Figure 4.22(a) and (b). To aid compaction, the water content of the mixtures was
increased using a water truck during the mixing process (Figure 4.22[c]). The field moisture
contents of the mixtures were adjusted in the field by hand-feel to be close to the optimum
moisture contents from laboratory standard Proctor tests. For Section 1, the 3% bentonite (Table
3.3) was incorporated into the top 2 in. of material using the FAE tractor-powered soil reclaimer
shown in Figure 4.22(d). To disperse the bentonite to reach to a better consistency, 0.5% sodium
carbonate (i.e., soda ash) by dry mass was added to the water tanker, as recommended by
Bergeson and Wahbeh (1990). A 15,000 Ib vibratory smooth drum roller was used to compact
the surface materials using four machine passes (Figure 4.22[e]). The bentonite-treated surface
material after compaction was very hard and smooth, as shown in Figure 4.22(f).

61



Figure 4.22. Construction procedures for the granular-surfaced road test sections:

(a) placing virgin aggregate with dump trucks, (b) mixing the virgin and existing surface
material with motor graders, (c) spreading water to increase water content for compaction,
(d) incorporating bentonite powder with the tractor-powered soil reclaimer, (€) compacting

the new surface layer with a vibratory smooth drum roller, and (f) the bentonite-treated

surface material after compaction

For Section 3, the Virgin Aggregate 2 material was mixed with the existing surface material to a
depth of 6 in. using the reclaimer, as shown in Figure 4.23(a). Similar to Sections 1 and 2, the
original plan was to incorporate 3% bentonite over the first 500 ft to create two test sections.
However, it was observed during construction that the virgin quarry materials contained much
more fines than expected according to the quarry’s provided gradation. The plasticity of the fine
particles was evaluated by hand in the field, as shown in Figure 4.23(b); the evaluation indicated
a low plasticity index. Incorporating the bentonite would have resulted in a mixture with
excessive fines content leading to a muddy and slippery surface. The bentonite was therefore
eliminated from the first half of Section 3, resulting in a single 1,000 ft long test section (Figure
4.21). The new surface mixture of the existing and virgin quarry aggregates containing natural
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fines is shown in Figure 4.23(c) after compaction. To verify whether the excessive fine particles
in the final surface were from the virgin quarry aggregate or stirred up from the subgrade during
construction, the color of the excessive fines was compared to that of the subgrade during
construction, and Virgin Aggregate 2 was also sampled from the quarry immediately after
construction; the comparison revealed that the excessive fines came from the virgin quarry pile
that was used (Figure 4.23[d]).

e TR

y 4

Figure 4.23. Construction of Test Section 3: (a) mixing Virgin Aggregate 2 with existing

surface material using FAE reclaimer, (b) checking plasticity of fine particles, (c) the new

surface material after compaction, and (d) Virgin Aggregate 2 of the stockpile in the
quarry

Laboratory tests were also conducted on the quarry sample to determine its actual gradation, and
the results confirmed that the Virgin Aggregate 2 contained much more gravel and fines than the
gradation provided by the quarry, as shown in Figure 4.24. The quarry-provided gradation for
Virgin Aggregate 2 had 8% fines, but ISU test results showed that the sample from the stockpile
contained 18% fines, and the resulting final surface mixture of Section 3 had 28% fines. This
issue can greatly influence the performance of the proposed design method. To ensure
performance, field quality control/quality assurance (QC\QA) testing methods and equipment for
the rapid determination of the gradation and plasticity of quarry materials are needed.
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Figure 4.24. Gradations of Virgin Aggregate 2 provided by quarry and tested at ISU lab,
and resulting gradation of the as-constructed mixture of Section 3

Sieve and hydrometer analyses and Atterberg limits tests were performed on representative
samples collected from the surface materials of all test sections during construction, and their
particle size distributions are compared in Figure 4.25.

Based on the PSD data, the gradation parameters for Fuller’s model were also calculated. The
top size (Dmax) of the as-constructed materials in Sections 1 through 3 was 1 in., while that of the
unmodified control section was 0.9 in. The PSD shape factor (n) of the surface materials ranged
between 0.16 and 0.39, and the gradation of Section 2 (n = 0.39) was closest to the theoretical
optimal gradation (n = 0.4). The bentonite-treated Section 1 contained approximately 8% higher
fines content than that of the optimal target gradation. The PSD of Section 3 was very similar to
Section 1, but with more sands and fines. The gradation of the control Section 4 was the finest
among the four test sections because the material had already been abraded by traffic for some
time. The plasticity index values of the surface samples are also listed in Figure 4.25. The
bentonite-treated sample of Section 1 yielded a Pl of 28, which is above the range of 7 to 15
recommended in Section 3.5. The PI of the Section 3 sample was 8, and the samples of Sections
2 and 4 were nonplastic.

64



Grawel Sand Silt Clay

bukbhBE Y 3 § § 88 8
N0 H* * * R g (:t\‘t
100 BT T T ‘ T T T i -
\ [
90 - N e lowa DOT Specification
80 - . | | [ Target (n=0.40,D, ,=1in.)
S I o Section 1 (n=0.36, PI=28)
=y 701 [ N } Section 2 (n=0.39, PI=NP)
@ 60 1 ;- AL Section 3 (n=0.30, PI=8)
F 50 - \ } } { { [ } Section 4 (n=0.16, PI=NP)
| {
2 40 BEREE |
8 [ A A A
& RN
20 RN
i [ B
10 R
o M S A B S N —
100 10 . 0.001

Particle Size (mm)

Figure 4.25. As-constructed gradations of representative samples from the granular
surfaces of test sections

The gradation and plasticity test results were also used to predict the field performance of the
different materials based on the unpaved road surface material selection chart developed by
Paige-Green (1989) in South Africa (see Section 2.3.2). According to chart (Figure 4.26),
Sections 1 and 3 are predicted to perform well, but Sections 2 and 4 may suffer washboarding
and raveling issues because of the low plasticity of the fine particles (< No. 40 sieve).
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