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Residue Performance Evaluation of Emulsified Asphalt

DONGDONG GE
ZHANPING YOU
S1YU CHEN
MINGXIAO YE
Michigan Technological University

INTRODUCTION

Emulsified asphalt has been widely used in various surface-treatment methods, such as chip seal,
for low-volume roads preservation (1). It is widely used because of environmental and economic
concerns (2). Normally the properties of emulsified asphalt are evaluated in terms of the
emulsion perspective when water is not evaporated. The workability, settlement and storage
stability, and demulsibility property of emulsified asphalt can be evaluated based on standard test
methods (3-6). The Texas Department of Transportation developed a surface performance-
graded (SPG) specification to evaluate the performance of surface-treatment binders (7). A
separate group of researchers proposed emulsion performance-grade (EPG) specification for
chip-seal treatments (8). Another group evaluated EPG and SPG systems for national
implementation and tried to propose a unified specification (9). However, there is still no
agreement about the standard method, especially the standard test conditions and the critical
parameter values, to evaluate the performance of the emulsified asphalt residue. More attention
should be paid to the performance of residue after water was removed from the emulsified
asphalt because the performance of residue related to the characteristics during the service
period, not just the property evaluated with the current standard method during the production
and storage stage.

This paper is motivated by current emulsified asphalt test methods, which mainly focused
on emulsified asphalt during the production and storage stage. Based on current test methods
there are limited residue performance evaluations. There is no performance-grade (PG)
evaluation system on emulsified asphalt residue. The objective of this paper is to evaluate the
performance of emulsified asphalt residue, which focused on the PG of the residue. This paper
will mainly focus on the performance of four emulsified asphalt residues commonly used in
Minnesota and Michigan based on the PG system. The emulsified asphalt residue was acquired
by conducting the emulsified asphalt distillation procedure. The effectiveness of distillation test
conditions will be evaluated.
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METHODOLOGY

Four different emulsified asphalt binders are adopted in the research. The CRS-2P is the asphalt
emulsion used in Minnesota for seal coat. The CSS-1H is the asphalt emulsion used in Minnesota
for fog sealing. The CRS-2M and CRS-2TR are two emulsified asphalts used in Michigan for
seal coat.

In this study, four types of emulsified asphalt (CRS-2P, CRS-2M, CSS-1H, and CRS-
2TR) were used. The four emulsified asphalt residues were acquired by conducting the
distillation test based on the ASTM D6997. Different aging levels of asphalt residue were
simulated in the laboratory using the Rolling Thin-Film Oven (RTFO) test and the Pressure
Aging Vessel (PAV) test. After acquiring asphalt of different aging levels, the dynamic shear
rheometer (DSR), the bending beam rheometer (BBR), the asphalt binder cracking device
(ABCD), and the Fourier-transform infrared spectroscopy (FTIR) tests were conducted to
analyze the performance of emulsified asphalt residue (10-15). For all the tests, at least three
replicates were conducted on each test condition. The outline of the test plan is displayed in
Figure 1.

CRS-2P CRS-2M CSS-1H CRS-2TR
Emulsified
asphalt
distillation
RTFO PAV
ABCD [— Unaged 163°C 100°C BBR
85 min 20h
Frequencies: FTIR 1
0.1, 1, 1.59, DSR Temperatures Resolution: 4cm”
3,5,10Hz 64 scans each sample
Spectra limit:
[ ) 600 - 4000cm™
Unageig:i RTFO PAV aged:
34,40, 46, 52, 58, 13, 126§01(;)’ 22,
64,70, 76, 82°C

FIGURE 1 The test plan outline for the evaluation of the emulsified asphalt residue.
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FINDINGS

During the RTFO aging procedure, the evaporation of volatile component in emulsified asphalt
residue decreased the mass, and the oxidation of asphalt residue increased the mass. The mass
change is the combined effect of the volatilization and oxidation process. The mass of CRS-2P,
CSS-1H, CRS-2M, and CRS-2TR residues after the RTFO test decreased 0.82%, 1.19%, 0.64%,
and 1.25%, respectively. During the distillation of emulsified asphalt, some surfactants were
retained in the residue. The surfactants volatized during the short-term aging; this may be the
reason why the mass change was higher than 1%. This also proved that the parameter value for
the asphalt during the short-term aging evaluation should be adjusted to fit for the emulsified
asphalt binder; 1.5% or 2.0% may be a more appropriate value.

The G* of CSS-1H emulsified asphalt residue was higher than other types of emulsified
asphalt residues under different aging conditions. This may be because the CSS-1H was
produced with harder asphalt binder than other emulsified asphalt. The influence of the source of
asphalt to produce emulsified asphalt should be studied in the future research. Based on the
ASTM D6373, for unaged asphalt binder, the minimum G*/sind is1.0 kPa under 10 rad/s angular
frequency at the test temperature. The temperatures that met the criteria for CRS-2P, CSS-1H,
CRS-2M, and CRS-2TR were 64°C, 70°C, 58°C, and 58°C, respectively. Based on the ASTM
D6373, for RTFO-aged asphalt binder, the minimum G'/sind is 2.2 kPa under 10 rad/s angular
frequency at the test temperature. The temperatures that met the criteria for CRS-2P, CSS-1H,
CRS-2M, and CRS-2TR were 64°C, 70°C, 64°C, and 58°C, respectively. Based on the DSR
result on the unaged and RTFO-aged emulsified asphalt, the high-temperature PG of CRS-2P,
CSS-1H, CRS-2M, and CRS-2TR were 64°C, 70°C, 58°C, and 58°C, respectively.

Based on the BBR test results, the low-temperature PG of CRS-2P was —28°C, the low-
temperature performance grade of CRS-2M was —22°C. Both the CSS-1H and CRS-2TR failed
to meet the standard criteria at —22°C.

The ABCD test was conducted to evaluate the low-temperature performance of different
emulsified asphalt binders. The low-temperature performance grade of CRS-2P, CSS-1H, CRS-
2M, and CRS-2TR based on the ABCD test are —27.8°C, —23.0°C, —32.2°C, and —34.7°C,
respectively. The low-temperature grade for CRS-2P was similar based on the BBR and ABCD
test results. The BBR test underestimated the low-temperature grade for CSS-1H, CRS-2M, and
CRS-2TR. The low-temperature grade difference for CRS-2P between BBR and ABCD test was
the largest.

In order to examine the water existence in emulsified asphalt residue, the —OH (3,000—
3,600 cm™) functional group in water was evaluated in the unaged emulsified asphalt residue.
That there are no peaks in the test result proved that there is no water in the distilled residue. The
mass loss during the RTFO aging procedure had no relationship to the water; the mass loss was
mainly due to the volatilization and oxidation process.

The FTIR test was adopted to evaluate the chemical bonds of the emulsified asphalt
residue during the aging procedure. The spectrum area of C = O and S = O area for different
emulsified asphalt binders under different aging conditions are calculated and the results are
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displayed in Table 1. Based on the FTIR test results, The S = O and C = O bond were not
significantly influenced by the RTFO aging. The RTFO aging was not significantly influenced by
the S = O and C = O in emulsified asphalt. The S = O of some emulsified asphalt residues did
not correlate to the aging conditions of emulsified asphalt residue. The C = O can better
characterize the aging of emulsified asphalt than S = O. Based on the FTIR test result, there is no
water in the unaged asphalt residue, which proved the effectiveness of the distillation procedure
to remove water in emulsified asphalt. However, the distillation procedure used 260°C to
evaporate water from emulsified asphalt, and the high temperature may have already aged the
binder. Lower distillation temperatures or shorter distillation duration can reduce the influence of
high temperature and long duration on the aging performance of emulsified asphalt.

CONCLUSION

In this paper, two emulsified asphalts used in Minnesota for seal coat and fog sealing, and two
emulsified asphalts used in Michigan for seal coat, were adopted. The DSR, BBR, ABCD, and
FTIR tests were used to analyze the performance of emulsified asphalt residue. The standard
mass change criteria should be adjusted to fit the emulsified asphalt binder. The high-temperature
performance grade was different. The BBR test underestimated the low-temperature grade for
CSS-1H, CRS-2M, and CRS-2TR. The mass loss during the RTFO aging procedure had no
relationship to the water, and the mass loss was mainly due to the volatilization and oxidation
process. The C = O can better characterize the aging of emulsified asphalt than the S = 0. A
lower distillation temperature or a shorter distillation duration can reduce the influence of high
temperature and long duration on the aging performance of emulsified asphalt. Even though such
an observation is based on limited samples and tests, it will be necessary to further investigate in
order to verify such a relationship.

TABLE 1 Spectrum Area of C = O and S = O for Different Emulsified Asphalt Binders

Asphalt Type  Chemical Bond Unaged RTFO Aged PAV Aged
css-ii = 0346 0351 ¥
CRs-20 = 0214 0340 250
CRs-2M o o157 o154 038
CRS-2TR g:g 8;23 8:;32 8:;2(6)
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Design, Construction, and Preliminary
Investigations of Otta Seal in Iowa
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YANG ZHANG
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SUNGHWAN Kim
ALI ARABZADEH
CHARLES T. JAHREN
lowa State University

CHARLES OVERBY
Norwegian Public Roads Administration

aced with limited financial resources, pavement engineers constantly seek more durable and

more economical technologies for road preservations and rehabilitations. Consequently,
there have been many efforts to study resurfacing strategies, including various types of sealing
for local roads. Among different sealing methodologies, Otta seal is a technique that has not yet
been studied sufficiently in the United States. For this investigation, the first Otta seal site in the
state of [owa was constructed using a double-layer Otta seal design over 6.4 km of cracked
asphalt pavement. Otta seal design and construction details are documented and discussed, and
test sections using various aggregates are compared for performance. The key lesson learned was
that proper aggregate selection within gradation limits and aggregate spread rates were critical
factors for Otta seal performance. Otta seal capability for holding loose aggregate particles and
for dust control were examined, and there were indications that excessive proportion of fine
aggregate particles could lead to diminished performance associated with fugitive dust emissions
and unbound aggregate particles. Although the Otta seal provided a smooth surface satisfying
road user and agency requirements, it did not significantly add structural capacity to the existing
asphalt pavement. The findings from this study will benefit road officials and other decision
makers who need to consider alternatives for resurfacing distressed low-volume asphalt roads.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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BRIAN P. MOORE
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BRANDON BILLINGS
Cerro Gordo, lowa

ADAM SHUTT
Louisa County, lowa
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Adams County, lowa

INTRODUCTION

Iowa has over 71,000 mi of unpaved secondary roads with many carrying very low daily traffic
volumes. Although the volume may be low, the system must carry the increasing number of
heavy agricultural vehicles prominent in [owa. lowa’s county road departments spend over

$110 million annually for aggregate replacement on gravel roads alone. The excellent
performance of Otta seal in other countries and in neighboring states has increased the interest of
Iowa County Engineers, who are always in search of a more economical approach for low-
volume road service and maintenance.

Otta seal, first developed in Norway, was developed as a low-cost maintenance surface
alternative for unpaved gravel roads with low bearing capacity under spring-thaw periods.
Consequently, Otta seal has been used in northern Europe and Africa, among others, as an
economical and practical alternative to traditional bituminous surface treatments. Until recently,
only two states in the United States (Minnesota and South Dakota) had reported Otta seal
construction experiences. Both states reported some promising and long-lasting results from their
Otta seal projects.

Iowa County Engineers desired to implement this technology to verify its short- and
long-term performance. In 2017, Cherokee County, Iowa, built Iowa’s first Otta seal project
through the lowa Highway Research Board (IHRB) Project TR-674, “Evaluation of Otta Seal
Surfacing for Low-Volume Roads in lowa” (Figure 1). Based on the success of this first project,
14 mi in four counties were constructed in 2018 (Figure 2). These were built as part of IHRB
Project TR-753, “Evaluation of Otta Seal Surfacing for Low-Volume Roads in lowa—Phase I1.”
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FIGURE 1 2017 construction.

FIGURE 2 2018 construction.
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METHODOLOGY
Results of TR-647 have shown that Otta seal has many positive advantages:

e It allows the use of uncrushed aggregate (up to 1-in. diameter), leading to cost
reduction in aggregate production and transportation;

e [t acts as an impermeable surfacing by filling up aggregate voids, thus preventing
water from penetrating moisture-susceptible gravel roads;

e It does not require the use of a prime coat in construction;

e [t can be opened to traffic immediately after construction; and

e Fewer periodic maintenance activities are required between reseals.

Based on the successful research findings of TR-674, the technical advisory committee
recommended another research project, TR-753, to provide lowa County Engineers with some of
the following tools and answers:

e Establish standard specifications, including quality assurance/quality control
(QA/QC) procedures for lowa Otta seal construction projects;

e Evaluate various local aggregate sources in lowa for suitability for Otta seal
construction;

e Develop a rational or engineered approach for determining the optimum application
rates for asphalt binder and aggregate in Otta seal construction; and

e Identify road surface—base preparation requirements before Otta seal application.

FINDINGS

As part of TR-753, almost 14 mi of county-owned roadways were treated with a double Otta seal
in the summer of 2018.

To be as consistent as possible across all test sections, a set of preliminary QA/QC
procedures were provided to each county based on the type of binder and aggregate source being
used. Table 1 shows the procedures used by Cherokee County for their construction.

TABLE 1 2018 Otta Seal Construction Procedures

County Cherokee Buchanan Louisa Ringgold
AADT 130-210 30-500 70 60
Mileage 5.7 1.2 1 6
Existing surface Gravel Gravel, PCC, ACC Gravel Gravel

AADT = annual average daily traffic, ACC = asphalt cement concrete, and PCC = portland cement concrete.
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Materials
Emulsion

HFMS designates high float and medium set. HFMS-2s is a mixture of asphalt, water, and
emulsified agent, typically containing up to 35% water. HFMS-2s requires 8 to 10 days for
setting (allowing the water to evaporate), meaning that the second layer of Otta seal construction
(for double Otta seal projects) is delayed at least 8 to 10 days after the first layer is constructed.
HFMS-2s must be from an approved source by Cherokee Road Department and lowa
Department of Transportation.

Aggregate

Based on the traffic volume and truck traffic on Old 21 Road north to 500th Street and O Avenue
to 520 Street, it was recommended to apply a dense aggregate gradation for Otta seal
construction in Cherokee County.

Construction Criteria

e Construct Otta seal only between May 1 and October 1;

e Construct Otta seal only during daylight hours;

e Construct Otta seal only when the pavement temperature and air temperature is 35°F
and rising;

e Construct Otta seal only if wind does not cause uneven spraying of the bituminous
material for mixture; and

e No rain before and during the construction, but if it rains after construction, it will not
affect the final surface.

Equipment
Emulsion Distributor

Must check all the nozzles if any are clogged,
Must be calibrated before the spraying,

Must check the application pressure, and
Must spray in triple pattern application.

Aggregate Spreader

e The truck aggregate haul box must be clean and free of other materials.

e The aggregate spreader and the truck hook-up hitches must be in good condition.

e Use a self-propelled mechanical-type aggregate spreader that is capable of
distributing the aggregate uniformly to the required width and rate.



Moore, Keierleber, Billings, Shutt, and Malone 13

Rollers

e Four pneumatic rollers at a minimum weight of 12 tons are required.

e One pass with a 10- to 12-ton static tandem steel roller after the initial rolling is
required.

e The roller-tire sizes, ratings, and pressures must comply with the manufacturer’s
recommendations.

e The tire pressure must be the same on all tires.

e The tire surface must be smooth.

Before Construction

Record ambient and surface temperatures;

Ensure all quantity of required materials are available on site;
Make sure enough personnel are present on site;

Verify road closure and detour signs are present; and
Determine wind speed and direction.

Application Process
Spraying HFMS-2s

e A test section of 100 ft long is recommended to ensure the application rate of
0.5 gal/yd?® is maintained. This must be confirmed by the contractor and field engineer.

e The required storage temperature is 122°F—140°F.

e The required application temperature is 122°F—185°F.

e Continue with the emulsion spraying if the above requirements are met.

Spreading Aggregate (Class A and Crushed Limestone)

e (alibrate the aggregate spreader in accordance with ASTM D5624.

e Apply aggregate at the rate of 50 Ibs/yd? in steel container and weigh it to confirm the
actual aggregate application rate, which is 50 lbs/yd>.

e Verify that the aggregate spreading truck operates at the same speed as the emulsion
spraying truck.

e Continue with the aggregate spreading if the application rate is correct.

Rolling and Compaction Operation

e A minimum of 15 passes with a pneumatic-tired roller on each direction (total of 30
passes in both directions). The field engineer may require more passes to ensure the rolling is
sufficient.

e The required speed to reach the required compaction level is 4 mph. The field
engineer may ask the operator to maintain that speed or lower it.
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Second Otta Seal-Layer Application

e [t is necessary to broom the first layer’s surface on the same day that the second layer
is constructed.

e Apply a second application of emulsions and aggregate 10 days to three weeks after
the initial application, steps 1-3 need to be repeated for a successful second layer.

Post Construction

e One month after construction of the second layer, the final surface must be swept of
loose aggregate.

e One month after construction of the second layer, road markings can be added if
desired.

CONCLUSION

Iowa County Engineers are hopeful that Otta seal will prove to be a lower cost alternative
treatment that will produce lower long-term maintenance costs. Construction costs for double
Otta seal applications are shown in Table 2. Prices varied based on the cost of the local

TABLE 2 Double Otta Seal Construction Costs

County Cherokee Buchanan Louisa Ringgold
Costs $55K/mi $62K/mi $82K/mi $43K/mi

FIGURE 3 Spring 2019.
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aggregate used by each county and the distance the contractor had to travel to perform the work.
One contractor performed the work in all the counties except Ringgold County. Ringgold County
had its own construction equipment and applied the Otta seal with its own forces.

Construction of Otta seal in lowa to date has gone well. Using the preliminary QA/QC
procedures has produced a very good product that appears to be performing as predicted. TR-753
will continue to monitor the performance of the projects built in 2018. Some positive aspects of
Otta seal realized through construction are the following:

e Flexibility with respect to the use of locally available natural aggregates for
producing the graded aggregate. Thus, crushed or uncrushed aggregate or a combination of both
can be used in the construction of Otta seal.

e Construction can be performed with county equipment and labor.

e Existing contractors can construct Otta seal projects without needing to use any
special equipment.

e Lowered maintenance costs due to reduced need of blading and adding of aggregate
to Otta seal roads.

e Enhanced durability of pavements and aggregate treated with Otta seal.

e Greatly reduced loss of aggregate (dust) of Otta seal constructed on existing
aggregate surfaces.

e Favorably public acceptance of Otta seal due to reduction of dust on exiting aggregate
roads.
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Two Different Climatic Regions
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MICHAEL C. VRTIS
BENJAMIN WOREL
Minnesota Department of Transportation

Over time, new pavements deteriorate because of the effect of traffic loads and the
environment. Pavement preservation treatments, such as chip seals, are a cost-effective
alternative for extending the service life of the pavement without incurring costly rehabilitation
or reconstruction activities. Chip seals are preservation treatments that can help protect the
pavement structure, reduce the rate of pavement deterioration, improve skid resistance, and
address minor surface problems. As part of the National Center for Asphalt Technology and the
Minnesota Road Research Facility Pavement Preservation Study, chip seal test sections were
placed on low-volume roads in Alabama and Minnesota. The two locations were selected to
represent different climate conditions. Lee County Road 159 in Auburn, Alabama, is subjected to
a warm, wet, no-freeze climate, while County State Aid Highway 8 is located in a cold, wet,
freeze area in Pease, Minnesota. Treatments have been in service for approximately 6 years in
the southern sections, and 2 years in the northern sections. During this time, cracking, roughness,
rutting, and macrotexture data were collected periodically to evaluate pavement performance.
The results determined that cracking is a predominant form of distress for these treatments.
While the treatments are not expected to address rutting or roughness, the results indicated little
variation in the case of the southern treatments, and an increasing trend in international
roughness index in the northern sections, likely related to the appearance of thermal cracking.
Macrotexture data may be used to assess the functional life of the treatments.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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Chloride-Stabilized Roads Versus Thin Bituminous Surface
A Comparative Analysis
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Pontificia Universidad Catolica de Chile

Given the increasing use of chloride stabilizers to improve the level of service and structural
capacity of low-volume roads (LVRs), and the alternative to use thin bituminous surface
(TBS) for these roads, this paper addresses a comparative analysis between both alternatives. The
objective was to perform a comparative analysis of the characteristics of chloride-stabilized
roads (CSR) and TBS roads in terms of serviceability and structural performance. To achieve this
goal, road sections built with both alternatives were analyzed in the field and laboratory. In the
field, CSR presented higher values and variability of international roughness index than TBS
during the analyzed period. Overall surface performance presented values slightly lower for CSR
than TBS, but with similar variability. In the laboratory, California bearing ratio (CBR) for
unbound materials and CSR samples presented similar behavior. Costs per kilometer for TBS
roads are 2.3 to 4.2 times higher than those for CSR, considering different alternatives of TBS
with CSR structures built with magnesium chloride and sodium chloride. Given the outcomes of
the study, the decision between CSR and TBS roads should be made considering the service
conditions in terms of climate and traffic demand and expected level of service, considering that
CSR could present more variability overtime, but also a more cost-effective alternative compared
to TBS for LVRs.

INTRODUCTION
Background

Rural roads play a crucial role in the economic and social development of societies, linking rural
communities to education, health services, and markets (1). In developing countries, rural roads are
commonly low-volume roads (LVRs) designed to meet the social and economic needs of the rural
population (2). In these countries, rural roads represent more than 80% of the total road network,
carry 20% of the total motorized traffic, and provide access to the majority of the population to
main roads (3). LVRs have a traffic with less than 400 annual average daily traffic (4).

LVRs are broadly classified as sealed or unsealed depending on whether they have a
sealed surface, which is related to the traffic volumes they serve as well as the productive and
functional characteristics of the network (5).

The Chilean LVR network consists of earth, unbound granular materials, and sealed
roads, which include stabilized granular materials, and thin bituminous surfaces (TBSs). Figure 1
shows typical cross sections of structures used in LVRs in Chile. Unsealed LVRs (Figure 1a)

17
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FIGURE 1 Typical cross sections of structure used in LVRs in Chile (9).

have a single unbound granular material (UGM) layer over the existing soil or subgrade. TBS
roads have a thin asphalt treatment on top of the UGM layer (Figure 1b) that protects the
underlying materials from traffic and climate. Stabilized roads (Figure 1¢) have between 1%
and 5% stabilizing agent added to the UGM that agglomerates and cements the fine particles,
improving the shear strength and cohesion for specific climate and traffic conditions (6-9).

Stabilized roads are commonly built where good quality materials are not locally
available and the hauling distance to quarries is too far. Chemical stabilization is then used to
improve the mechanical behavior of soils for LVR construction(10). Stabilized rural roads
present lower deterioration rates and longer service lives compared to unsealed roads; however,
the performance significantly depends on the type of agent used and the thickness of the treated
layer (11).

Soil stabilizers are classified into two categories: traditional stabilizers such as lime, fly
ash, cement, and bituminous products; and nontraditional products of a variety of chemical
agents (10). Dust palliatives, such as sodium and magnesium chlorides, are also used as chemical
stabilizers when properly mixed with the natural soil in thicknesses greater than 15 cm.
Stabilizing the gravel surfaces reduces dust, improves safety, and reduces washboarding and
raveling, which in turn leads to reduced maintenance costs, stream sedimentation, and aggregate
depletion (12). Chlorides stabilize granular materials mainly through the hygroscopic
mechanism, absorbing and retaining the air relative humidity, reducing the rolling on face
erosion, and increasing durability (13).

The stabilization of granular materials with chlorides has increased in Chile in the last
decade, and currently is commonly applied, mainly in arid areas. In the order of 7,000 km of public
roads have been treated with chlorides in the north of Chile (14). The increase in using chlorides
for stabilization is explained by the advantages of low construction costs, low maintenance costs,
reduction of vehicle-dust emissions, and a good quality perception from road users (13).

TBS roads are a good alternative when a better riding surface is needed without an
additional structural strength. However, indirectly TBS protects the unbound granular layer
(Figure 1b) from surface-water infiltration and aggregate loss, indirectly providing additional
strength to the road. TBS roads are classified in three categories, based on their function and road
layer in which is applied. In Category 1 TBS is applied directly on subgrades as dust palliative;
in Category 2 TBS is applied on top of the unbound granular layer; and in Category 3 TBS is
applied on top of granular base and subbase, instead of a hot-mix asphalt layer (12). This
research refers to the Class 2 TBS (Figure 1b) and is referred to as TBS roads.
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Studies have centered their efforts on identifying the main factors affecting the
deterioration of specific types of sealants or stabilizers and on performance models of specific
distresses (15, 16). The most known are the Highway Design and Maintenance Standards Model,
developed by the World Bank during the 1980s; the Road Investment Model for Developing
Countries, developed by the Transport and Road Research Laboratory; and the Australian Road
Research Board models developed in Australia (17).

Recent studies addressed the performance of LVRs, including chloride-stabilized roads
(CSR) and TBS roads, as the development of methodology for evaluation of unpaved road in
general and sealed roads in particular (9, 13, 18-20), the development of condition performance
models for network-level management for sealed roads in Chile (11), and for sealed granular
pavements in Australia (21).

Given the increasing use of chloride stabilizers to improve the level of service of LVRs,
and the alternative of TBS roads, this paper addresses a comparative analysis between both
alternatives (13). The findings of the analysis provide relevant information to stakeholders for
decision making on the selection of LVR type and materials.

Objective and Scope

The objective of this study was to perform a comparative analysis of the characteristics of CSR
and TBS roads. To achieve this goal, the performance of road sections built with both
alternatives were analyzed. The specific objectives of the research were (1) to analyze the field
indicators as international roughness index (IRI) and overall condition indexes for each
alternative, (2) to present laboratory strength characteristics of CSR and TBS roads granular
layers, and (3) to present average construction and maintenance costs. The study was limited to
LVR sections located in different regions of Chile. Stabilized granular materials studied are
limited to CSR with sodium and magnesium chloride, and TBS roads are limited to Category 2
TBS.

METHODOLOGY
Characteristics of Analyzed LVR

The structure of unsealed LVRs consists of 15 cm of a single compacted layer of selected unbound
granular material over the natural soil. CSR consist of sodium- or magnesium chloride—stabilized
granular materials (Figure 1¢); TBS roads consist of an unbound granular material with one type of
TBS (Figure 1b), including cape seal, surface treatment, and double surface treatment.

Data Collection

The field data collection was carried out using the window method for sampling road sections
with different ages to obtain the data required within the period of the study. This method has
been widely used in road engineering (22—-24).

The sections evaluated in the study are located in different regions of Chile (Figure 2). CSR
sections are located in the north, and TBS mainly in the central and south regions of the country.
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FIGURE 2 Regions of Chile where the data were collected. TBS in blue, and CSR in red.

The climate in the north, central, and southern areas of Chile is different. In the north (1st to 4th
regions) the dry climate is classified as mid-latitude desert by the Koppen Climate Classification
System (KCCS), with a rainy season of less than 4 months, a maximum monthly precipitation
less than 50 mm, and an annual mean monthly precipitation less than 20 mm. The central region
features a Mediterranean climate and is classified as mid-latitude summer-dry by KCCS, with the
rainy season between 4 and 8 months, a maximum monthly precipitation between 50 mm and
400 mm, and an annual mean monthly precipitation between 20 mm and 200 mm. In the south
(6th to 9th region) the climate is humid and classified as mid-latitude winter-dry by KCCS, with
a rainy season of more than 8 months, a maximum monthly precipitation of more than 400 mm,
and an annual mean monthly precipitation of more than 200 mm (20, 22, 25, 26).

IRl and Overall Condition Indexes Comparison

In order to perform a comparative analysis of field indicators of CSR and TBS roads, IRI and
overall condition indexes, the following experimental design was proposed. The IRI, overall
condition indexes, and the age of CSR and TBS roads were the factors studied. IRI and overall
condition indexes were the dependent variables, and the age was the independent variable.

The IRI values were evaluated in the field, using the Roughmeter I1I (RIII) device,
widely used in unsealed LVR. The RIII is a World Bank Class 3, portable response-type device,
which provides roughness results by directly measuring the axle displacement and is equipped
with an integrated GPS unit (21). The IRI was evaluated in meter/kilometer. The evaluations
were performed at a range of speed between 40 and 60 km/h. The IRI measurements were carried
out on 1.5 and 2 km road sections, but the data processing was for the section as well as for
sample units within the roads. In total, 77 and 155 sections of TBS and CSR were evaluated,
respectively.

The overall condition indexes selected to evaluate roads were the Stabilized Road
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Condition Index (SRCI) for CSR and PClst (pavement condition index for treatment surfaces)
for TBS. The first was developed and validated in a previous stage of this project and considered
pavement sections of sealed roads (18, 27). The second is an index developed for surface
treatments in Chile and was validated for TBS in a previous stage of this project (18, 23). Both
indexes represent the overall condition of unpaved roads from field measurements, consisting of
numerical value on a scale from 1 (worst condition) to 10 (best condition). The data used for the
condition indexes calculation are collected from road sample unit of dimensions: 50 m long and
between 2.5 and 4.0 m wide. The sample unit should be a homogeneous section of the road. The
SRCI value is calculated using Equations 1 and 2, and PClIsr is obtained with Equation 3.

SRCI=9.51-0.30IRI-0.09CR -1.98 PT-0.22 ER-3.72 CW (1)
SRCI=10—- 148 ER -2.81 CW —4.64 RA (2)
where

IRI = international roughness index (m/km);

CR = corrugations, measured as the mean vertical deformation observed in a section (cm);

PT = potholes, measured as total square meters observed in a sample section, calculated as the
product of the mean diameter (m), typical depth (m), and number of potholes in a sample
section;

ER = erosion, a dummy variable (1 if either erosion depth or width is greater than or equal to
5 cm, 0 otherwise);

CW = crown condition, the average between drainage and transverse profile condition; both
defects are rated as 0 when observed in good condition, 0.5 in fair condition, and 1 in
poor condition; and

RA = raveling, as the percentage of the surface of the sample section.

PCIst=10.7-0.64 IRI - 0.06 RT — 0.05 PT - 0.045 CR - 0.02 BL - 0.01 RA (3)
where

IRI = international roughness index (m/km) measured with RIII;

RT = rutting, or transverse deformations caused by loose aggregate, measured as the mean
vertical deformation observed in a section (mm);

PT = potholes, measured as the total square meters observed in a sample section, calculated as
the sum of the surface of the quadrilaterals that contains the potholes in a sample section;

CR = percentage of cracks, as a weighted sum of linear cracks, fatigue cracks, and thermal
cracks;

BL = bleeding, as a percentage of the surface of the sample section; and

RA = raveling, as a percentage of the surface of the sample section.

The Ministry of Public Works of Chile provides information about the year of
construction of the roads. The age of the roads varied from 0 to 10 years for CSR and from 2 to
13 years for TBS roads. The sections of roads were chosen based on information available about
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the age of construction, and those that had not received maintenance since construction.

The data were processed with descriptive statistics and boxplots to find outliers within
the field data collected. These sections were studied considering technical criteria in order to
decide the elimination from the database, for example, sections presenting an IRI value for CSR
very low for advanced age, as IRI=1.5 m/km for a road with 9 years of service. These values
could be explained by an unknown maintenance after construction or an evaluation error.

The comparative analysis was performed with the data without the outliers as well as
with the difference of means per age, when the information of age for both alternatives was
available.

Laboratory Tests

During construction of TBS and chloride-stabilized road sections samples of unbound granular
materials were collected from different sites (9). The sealed plastic bags with material samples
were transported to the laboratory. The maximum particle size of the material samples was 27,
with 74% passing the 4.75 mm (#4) sieve, 30% passing the 0.475 mm (#40) sieve, and 9%
passing the 0.075 mm (#200) sieve. The optimum moisture content of the nonplastic, crushed
unbound granular material was 5.7%, and the maximum dry density was 2.10 t/m*. Two samples
of unbound granular material were later mixed with 80 kg/m? of chlorides commonly used for
road stabilization in Chile. The first sample was stabilized with 80 kg/m® of magnesium chloride,
and the second with 80 kg/m3 of sodium chloride. Finally, the material samples at their optimum
moisture content were compacted with a modified proctor hammer in a CBR mould. Later, CBR
tests were conducted on the specimens. In addition to the CBR tests on chloride-stabilized
materials, control or reference tests without stabilization were conducted on the unbound
granular materials

Costs

The focus of this article is the performance of TBS and chloride-stabilized roads; however, the
authors performed a general construction cost analysis for both types of LVR. To avoid the effect
of local currency, the analysis used relative costs (i.e., the relative construction cost of one
kilometer of chloride-stabilized road compared to the construction cost of one kilometer of TBS).
Data from the Ministry of Public Works (18) were available and updated to current values using
known economic indicators like the cost of a crude oil barrel and the cost of the U.S. dollar
(USD) relative to local currency. Data were available for chloride roads and different types of
TBS roads. Initial construction costs and maintenance costs were obtained.

RESULTS ANALYSIS
IRI Comparison

The RIII could process the data evaluated every 10 m, with a minimum length of 50 m. The
frequency of 10 m was chosen. The data processing of each file created by the RIII consisted of
an analysis of variability of the section (length between 1.5 and 2 km). The sections with a
coefficient of variation over 0.3 were not considered in the set of data analyzed. Then, a
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representative sample unit of 50 m was selected for each section, considering the mean as the
representative value. The data collected of IRI values for CSR and TBS after this data processing
are presented in Figure 3. In general, the IRI values for CSR present higher values than TBS and

higher dispersion.
A descriptive statistic and boxplot analysis was performed on both sets of data to identify

outliers. Once the outliers were analyzed, and eliminated in some cases, the resulting boxplot is
shown in Figure 4. It is observed that IRI values for CBS are higher than TBS overtime and

present higher variability.
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FIGURE 3 IRI data collected for CSR and TBS roads.

FIGURE 4 Boxplots of IRI values for CSR (green) and TBS roads (blue).
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The normal distribution of IRI values was analyzed using an analysis of goodness of fit
for each year of the analysis using the Shapiro-Wilk test due to the values of less than 50. This
analysis was important to corroborate if a t-test could be applied to analyze the difference
between IRI means. From this test it is observed that p-value (Sig.) is greater than 0.05 in all
cases, but in Age = 1 for CSR IRI. Therefore, a t-test for the difference of means could be
applied to confirm the difference of means for each year to confirm the difference in IRI values
for CSR and TBS, mainly for the ages where the values seems to be similar.

The results of the t-test for differences in means indicates that IRI means values of CSR
and TBS roads for ages 2 and 6 do not present significant differences for a confidence level of
95%; however, the values for age 4 present significant differences. The statistical values are the
following:

Age=2 2 t=10.405 < terit (0.025,19) = 2.093
Age =4 2> t=-2.624 > terit 0.025,10) = 2.228
Age=6 2 t=-0.462 < teit (0.025,17) = 2.111

Overall Condition Indexes

The SRCI and PClst were evaluated in the field on 19 and 45 sections of CSR and TBS roads,
respectively. Equations 1 and 2 were used to calculate SRCI from field data collection,
depending of the availability of IRI values for each sample unit. A representative sample unit of
50 m was selected for each section. The data collected for CSR and TBS after this data
processing are presented in Figure 5. In general terms, overall condition indexes for CSR show
higher values than for TBS roads.

A descriptive statistic and boxplot analysis was performed to both sets of data to identify
outliers. Once the outliers were analyzed, and eliminated in some cases, the resulting boxplot is
shown in Figure 6. On the contrary of what happen with IRI values, overall condition indexes for
both types of roads do not present a clear tendency about higher values one than another. In
addition, it presents high variability within specific ages of the roads, at different ages for each
type of material.
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FIGURE 5 Overall condition index values for CSR and TBS roads.
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FIGURE 6 Boxplots of overall condition index values for
CSR (left) and TBS (right) roads.

CBR Comparison

Table 1 presents the results for the CBR test on the unbound granular materials without
stabilization or reference materials and the chloride-stabilized materials. Results show a small
reduction in the CBR of the material treated with chlorides. In other words, the conducted

laboratory CBR tests do not explain the good performance of the chloride-stabilized materials in
the field.

Costs

Figure 7 presents relative costs of one kilometer of chloride-stabilized road and one kilometer of
different TBS commonly used in Chile. As explained above, relative costs, instead of absolute
costs, are used to avoid the effect of currency. The relative cost of chloride-stabilized roads was
set to 1.0. Results show that the construction cost of chloride-stabilized roads is approximately
one-third of the TBS cost per kilometer. TBS costs range from a relative cost of 2.3 to 4.2,
depending on the quality of the selected treatment for construction.

TABLE 1 Laboratory Results of Unbound and Stabilized Granular Materials

Hexahydrated Magnesium Sodium Chloride
Chloride (kg/m®) (kg/m?)

80 0 76

0 80 82
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FIGURE 7 Relative construction costs of chloride-stabilized roads
and different types of TBS roads.

In addition to construction cost analysis, maintenance costs data were collected from the
Ministry of Public Works from LVRs with an average annual daily traffic of less than
400 vehicles. In the analysis, maintenance activities like motor grade reshaping, surface spraying
with water or chloride brine, pothole patching, and crack sealing were included. The present
value of all the costs related to maintenance were calculated for two and four years (Figure 8).
Again, the chloride-stabilized maintenance cost was set to 1.0, and the maintenance cost of TBS
was calculated as a relative cost. Results show that for the traffic level studied, chloride-
stabilized roads have a maintenance cost higher in approximately 8% than TBS roads.
Unfortunately only generic costs of TBS roads were available instead of detailed costs for
different TBS types.

FIGURE 8 Relative maintenance costs of chloride-stabilized roads
and different types of TBS roads.



Osorio-Lird, Gonzalez, and Chamorro 27

CONCLUSIONS

The comparison of indicators, characteristics, and costs for CSR and TBS leads to the following
conclusions:

e (SR presents higher values of IRI than TBS during the analyzed period, having no
significance difference at the beginning of the analyzed period and at age of 6 years.
Additionally, CSR IRI values present higher variability than TBS IRI values when the samples
were analyzed by age of construction.

e Overall condition indexes present values slightly higher for TBS than CSR, but this
tendency is not clear, and both alternatives present variability per year of analysis at different
ages for each type of material. However, analysis with more sections is needed to obtain stronger
conclusions about the comparison of the overall condition index for these types of LVR.

e CBR for unbound materials and CSR samples present similar values, meaning that
the mechanical behavior should be similar; however, the empirical behavior of CSR in the field
shows better performance over time than unbound granular materials. This may be due to
maintaining the cohesion between aggregates for longer periods and preventing the aggregate
loss.

e The costs per kilometer for TBS roads are 2.3 to 4.2 times higher than for CSR,
considering different alternatives of TBS with a general CSR. Maintenance costs for CSR are 8%
higher than TBS.

Considering these conclusions, a higher variability of CRS in terms of IRI will affect the
ride quality and comfort of users, as well as the cost users; but if the condition is analyzed
considering other distresses, as the included in the overall condition indexes, both alternatives
presented similar variability. Furthermore, the difference in construction costs is high and
important when the decision about which alternative should be used, but maintenance costs
showed little difference. Therefore, the decision between CSR and TBS roads should be made
considering the service conditions in terms of climate and traffic demand, considering that CSR
could present more variability over time comparing with TBS, but could be a cost-effective
alternative for LVR, which was not included in the scope of this paper.

Further analysis of life-cycle cost is required to study in detail the costs and benefits of
both alternatives and find the best scenarios when each alternative is better to apply.
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Assessing Bio-Based Fog Seal for Asphalt Pavement Preservation
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INTRODUCTION

All types of roads, including those with asphalt pavements, steadily deteriorate over time
because of repeated mechanical (traffic) and climatic loadings. Pavement preservation consists of
applying a suitable treatment on deteriorated roads to maintain good conditions and extend their
service lives (1, 2). Fog seal is a low-cost application of liquid asphalt or emulsion derived from
petroleum or coal tar to slow down microcracking propagation, prevent oxidation, and seal
against water infiltration. The conventional fog sealants need heating before spraying on the
pavement surface, and the recommended spray temperature should be between 52°C and 71°C
(125°F and 160°F). Although such petroleum-based traditional fog sealers have been
successfully used to maintain road surfaces for many years, they not only need a long curing
time, which results in delayed traffic opening, but they can also cause health issues from
chemical components such as polycyclic aromatic hydrocarbons (3, 4). Furthermore, the use of
fossil fuel-based products increases the risks associated with an energy crisis and environmental
contamination (5, 6).

In recent years, a few bio-based fog sealers have been developed as sustainable
alternatives to traditional petroleum-based sealers; soy-based fog sealant derived from
agricultural oil is one such product. The manufacturers of the bio-sealant claim that it protects
asphalt from oxidation, potholing, edge rutting, and cracking and can extend the life of paved
asphalt surfaces when applied every 3—5 years (7); the other advantages and disadvantages are
summarized in Table 1. States such as Missouri and Ohio have reported success in using bio-
based products for county road preventive maintenance (7, 8). Even though the reported
observations include quick shedding of water from roadways treated with bio-sealant while
retaining the skid resistance of normal pavement, documentation of construction and
performance experience is limited.

Based on the successful use of bio-sealant in other states, this study aimed at evaluating a
bio-based product as a fog sealant for low-volume asphalt pavements in lowa. With the intent of
checking the effect of such bio-sealant on skid resistance, pavement-marking retroreflectivity,
water absorption, and permeability, the construction process and consequent field and laboratory
investigations based on varied sealant spray rates over a 2-year period were documented.

30
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TABLE 1 Benefits and Limitations of Using Bio-Sealant for Fog Seal (7, 8)

Benefits of Using Bio-Sealant Limitations of Using Bio-Sealant

¢ Resistance to deterioration e [f a road is in good shape, bio-sealant should be
— 3-5 additional years of service life. applied every 4 to 5 years. If it is in fair shape, it
— Reduces oxidation. should be applied every 2 to 3 years, as long as
— Penetrates deep into asphalt. the road is not ravelling. If the road has alligator
— Adding polymers to the asphalt cement. cracking, bio-sealant cannot repair the damage

e Improvements to surface and should not be used.
— Seals hairline cracks. e Applying bio-sealant calls for dry conditions
— Helps maintain skid resistance. and a dry road with temperatures above 40°F.
— Reduces moisture penetration. Bio-sealant should never be applied in wet or
— Reduces potholing and edge rutting. freezing conditions.

¢ Financial considerations
— Does not affect line stripping.
— Is not removed by snowplowing.
— No heating, carbon negative.
— Reduces life-cycle costs.

CONSTRUCTION AND EXPERIMENTAL APPROACHES
Bio-Based Fog Sealant

The soy-based bio-sealant used in this study is a black liquid with a nondescript slightly citrus
odor. This product has a viscosity of 5 to 20 s at room temperature, similar to the flowability of
water, and no heating needed before application. It is 88% bio-based, with 40% obtained from
soybean oil. By making use of agricultural and recycled materials, this bio-sealant is a nontoxic
and environmentally friendly alternative to petroleum-based sealing agents with competitive
price. It contains some polymers and common admixtures in traditional asphalt emulsion used to
improve pavement flexibility under colder conditions.

The typical spray rate of bio-sealant can vary from 0.045 to 0.091 1/m? (0.01 to 0.02
gal/yd?), which is lower than for the rate of traditional fog sealant [0.45 to 0.82 1/m? (0.1 to 0.18
gal/yd?)] (9—14). The relatively low rate of bio-sealant is due to its good followability. Bio-
sealant can reduce not only the need to use petroleum-based products in pavement maintenance,
but also the need for using bitumen in the manufacturing of new asphalt by causing the road
surface to last longer.

Site Installation

The sites selected for bio-sealant installation were located near Toronto in Clinton County, 1A,
and included a 4,506-m (2.8-mi) section of asphalt-surfaced road in E63/Y32 and an 805-m-
(0.5-mi-) long asphalt-surfaced section through the City of Toronto. These sections were part of
a two-lane low-volume road. Each lane was 3.05 m (10 ft) wide with a 0.91-m- (3-ft-) wide sand-
paved shoulder on each side. The test sections at the installation site were divided into five
subsections and are shown in Table 2. These three spray rates, which are different from the
typical rates, were selected to investigate the effects of high rate on the pavement surface.



32 TR Circular E-C248: 12th International Conference on Low-Volume Roads

TABLE 2 Construction Information About Bio-Sealant Installation

Section Length, m (ft)  Spray rate, I/m? (gal/yd?)
Control section (CS) 30.5 (100) 0 (0)
Treated section No. 1 (TS 1) 305 (1,000) 0.136 (0.03)
Treated section No. 2 (TS 2) 305 (1,000) 0.113 (0.025)
Treated section No. 3 (TS 3) 305 (1,000) 0.091 (0.02)
Remaining section (RS) 4,366 (14,324) 0.091 (0.02)

The application of bio-sealant in Clinton County, IA, began on June 29, 2016, during dry
and clear weather. Before application, all road surfaces were swept and cleaned, and the
boundary marking lines for each section were painted. A vehicle equipped with an automatic
spray machine was used to spray the bio-sealant. During application, the vehicle speed typically
ranged from 8 to 16 km/h (5 to 10 mph).

After the application, the bio-sealant-treated lane exhibited a darker color than the
untreated lane; this difference in appearance disappeared after a few days. During construction,
the pavement marking was applied along with the bio-sealant materials, but no obvious reduction
in visibility of the marking was observed. Additionally, the bio-sealant-treated section did not
exhibit free liquid standing on its surfaces, indicating that the bio-sealant could be quickly
absorbed by the pavement surface because of its natural properties. Based on this characteristic, a
bio-sealant-treated road can be opened to traffic within 30 min after application, somewhat more
rapidly than when applying traditional fog sealers (3). In summary, the documented construction
process showed that the application of bio-sealant is easy to perform and does not require extra
energy for heating of the sealant, and the treated road section can be opened to traffic quickly.
From these perspectives, it is a cost-effective technology.

EXPERIMENTAL PLAN
Field Investigations

To document the performance of bio-sealant-treated roads, several field visits were conducted to
measure retroreflectivity of pavement marking and surface friction of pavement, including skid
number (SN) and British pendulum number (BPN) for the bio-sealant installation site within the
first 2 years after application. These parameters play important roles in safe driving (15). In this
study, a retroreflectometer, a locked wheel skid tester, and a BP tester were used to measure the
retroreflectivity, SN, and BPN, respectively, by following related specifications (16-18).

Laboratory Testing

To perform the laboratory testing for hot-mix asphalt (HMA) specimens, four cores with a 10.16-
cm (4-in.) diameter were taken from the CS, TS 1, TS 2, and TS 3 in the site in 2017, and the
same number of cores were taken in 2018. All HMA specimens were brought to the laboratory
and sawed into 5.08 cm (2 in.) thickness, and then were oven-dried at 52°C (125°F) to obtain the
constant mass for water absorption and air permeability measurements. ASTM D2726 was
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followed to measure water absorption, and an air chamber device was used to measure air
permeability (19).

RESULTS AND DISCUSSION

The results of retroreflectivity and friction are shown in Figure 1. For measurements of
retroreflectivity, the results indicated that the application of bio-sealant did not cause a
significant reduction of retroreflectivity at the early stage after application (Figures 1a and 1b).
For measurements of SNs, the eastbound lane (Figure 1¢) and the westbound lane (Figure
1d) exhibited significant decreases in skid resistance within the first week after application. After
several months (between July 2016 and May 2017), the skid resistance was restored to its
original condition. The measured BPN values from May 2017 to March 2018 indicate that
surface friction was in a stable stage. Decreased surface friction is because of the filling in of the
pavement surface texture by fog sealant (20, 21). With continuous tire wear, the fog sealants
were worn away from the surface, resulting in restoration in friction (22). In consideration of the
average SN drop from 63 to 49, the minimum SN value before application of bio—fog seal must

(@) (b)

(©) (d)

FIGURE 1 Results of (a) retroreflectivity of point 1; (b) retroreflectivity of point 2;
(c) SN of eastbound; and (d) SN of westbound.
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be 50 to avoid the SN dropping below the minimum requirement of 35 (23). The friction results
indicated that the application of bio-sealant could lead to a reduction in surface friction at an
early stage, although after several months the friction could be restored.

The results from water absorption and air permeability tests shown in Figure 2a and
Figure 2Db, respectively, reflect the lower rate of water absorption and air permeability in TS 1
and TS 2 compared to that in specimens from the control section. The thickest/highest rate of
application resulted in the lowest rate of water absorption and air permeability for specimens
taken from the first year (2017) and the second year (2018), reflecting the greater void-filling in
bio-sealant-treated specimens. From the perspective of pavement preservation, lower water
absorption and permeability are desirable since they can prevent water infiltration into pavement
structures and thereby minimize damage caused by seasonal variations such as freeze—thaw
cycles.

CONCLUSIONS

Traditional petroleum-based fog sealers have been successfully used for many years, while
alternative nontraditional fog sealers derived from agricultural matter, which have more cost-
effective and environmentally friendly potentials, have not yet been properly investigated. In this
study, current practice in the use of fog seal was reviewed and summarized. Additionally, a bio-
based fog sealer was applied to a selected asphalt pavement section at various spray rates over a
2-year evaluation interval. The detailed construction procedures were documented, and the key
findings from field investigations and laboratory tests can be summarized as follows:

e Retroreflectivity of pavement marking decreased immediately after fog seal
application using bio-sealant, but was restored to its preapplication level in 2 weeks.

e While a short-term decrease in friction was observed after bio-sealant application,
friction requirements were met throughout and returned to their original levels within 11 months.

e The minimum SN value of a road before application of bio—fog seal must be 50.

(a) (b)
FIGURE 2 Test results of (a) water absorption and (b) air permeability (1 m/s = 3.28 ft/s).
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e Laboratory results indicate that specimens treated with a higher bio-sealant spray rate
are associated with lower water absorption and permeability.

e If the permeability is a critical issue in some roads, the highest bio-sealant spray rate
of 0.136 1/m? (0.030 gal/yd?) is practically applicable based on field and laboratory performance
test results. The middle level of 0.113 1/m? (0.025 gal/yd?) is also acceptable based on financial
consideration.

e The construction of bio-sealant without heating process is rapid and cost-effective
and needs only 30 min to open traffic. However, the dropped surface friction could be a concern
to roads that have a low SN before application.

e Although the 2-year evaluation indicated that bio-sealant could seal voids in the
pavement and resulting negative impact on retroreflectivity and friction could be restored, their
function on friction maintenance should be evaluated in the following years.
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Role of Preventive Treatments in
Low-Volume Road Maintenance Program

A Full-Scale Case Study

FARHANG JALALI
ADRIANA VARGAS-NORDBECK
MOSTAFA NAKHAEI
National Center for Asphalt Technology at Auburn University

he lack of information on reliable life-extending benefit for pavement preservation

treatments led the National Center for Asphalt Technology to conduct a preservation study
applying preservation treatments on a low-volume county road in Auburn, Alabama, which
began in 2012. The primary objective of the study is to develop performance models for
preservation treatments to be used in pavement management systems. Performance measures—
including rutting, cracking, and roughness—are collected on a regular basis to the present date.
Among all the collected measures, only cracking shows an upward trend and therefore was used
in this study as the performance index for the analysis. The present study aims to implement a
semi-parametric survival analysis technique to assess the effectiveness of treatments used, and to
investigate associated risk factors. The study confirms that preservation strategies significantly
decrease the risk of failure when compared with a “do-nothing” scenario. It was found that initial
condition, treatment family, recycled material usage, and crack sealing application have a
significant impact on future deterioration. It is also concluded that survival analysis techniques
are useful tools in aiding decision makers in the selection of proper treatment choices.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019 _low_volume road_conference/trr.
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Effect of Preservation Treatments on the
Structural Performance of Pavements

A Study from the National Center for Asphalt Technology’s
Low-Volume Preservation Sections

MD RAHMAN
ADRIANA VARGAS-NORDCBECK
National Center for Asphalt Technology at Auburn University

INTRODUCTION

Pavement preservation is a cost-effective strategy that can extend pavement life and improve
functional condition. This proactive approach has been adopted by many agencies as an
alternative for maintaining road networks with limited resources. The benefits of applying
pavement preservation treatments to good-candidate sections have been documented mainly in
terms of surface distress and ride quality; however, there have been limited studies that focus on
the effect of these treatments on the structural performance of the pavements.

The National Center for Asphalt Technology at Auburn University has 25 low-traffic-
volume preservation test sections, including two control sections, on Lee County Road 159 in
Auburn, AL. The treatment sections include standalone treatments and a combination of
treatments with multiple applications. At the time of construction, the road had been in service
for 14 years, and the treatments were applied without any structural condition restoration
activity. At one end of the test site, there is a quarry and asphalt plant that provides an accurate
number of truck traffic data collected from the weigh station at that facility. The sections were
constructed in the summer of 2012 and have been in service approximately 6.5 years without any
additional rehabilitation or maintenance works. Along with the functional condition, the
structural condition of the pavement section is being monitored periodically over time. A falling
weight deflectometer (FWD) has been used to measure the deflection basin parameters at
specific locations of each treatment section, all of which were randomly selected at the beginning
of the study.

The objective of this study is to investigate the contribution of pavement preservation
treatments for maintaining the structural condition of the pavement. The performance data
collected over time are also used to forecast the future performance of the treated pavement and
measure the contribution of the treatments to the life extension of the pavement sections.

BACKGROUND

The benefits of pavement preservation treatments have typically been studied in terms of the
extension in service life imparted to the existing pavement. Peshkin et al. (1) developed
guidelines for the selection of preservation treatments of high-traffic-volume roadways based on
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traffic levels, pavement condition, climate, work-zone restrictions, expected performance, and
costs. The authors noted that treatments normally do not add structural benefit, but some may
address or delay the appearance of low-severity fatigue cracking. Arabali et al. (2) proposed a
decision matrix for the selection of appropriate preservation treatments. The relative benefit was
quantified in terms of change in pavement condition index, which is obtained from visual
distress surveys. Other studies have defined the life-extending benefit as the difference in the
time required to reach a threshold performance indicator value for treated and untreated sections
(3, 4).

Few studies have focused on the long-term structural benefits of applying pavement
preservation. Howard (5) studied the structural capacity of pavement sections with seal
treatments by evaluating the change in the effective structural number over time. The results
showed that chip seal treatments and scrub seal treatments preserved the structural number of the
pavement better than the structural number on the control sections, with no appreciable
differences between seal types. Ji et al. (6) also performed FWD testing to evaluate the structural
adequacy of pavements treated with microsurfacing. The results indicated that microsurfacing
can maintain the structural condition of the roadways when applied to suitable candidates.

The present study focuses on quantifying the effect of the treatments over the structural
condition indices of the pavement. The base damage index (BDI), the base curvature index
(BCI), and the area under pavement profile (AUPP) are the three deflection basin parameters
analyzed in this study. BDI, BCI, and AUPP represent the structural condition index of the base,
subgrade, and an estimate of strain under the pavement structure, respectively. Horak et al. (7)
and Talvik et al. (8) performed extensive studies on the benchmarking of the deflection basin
parameters, which have been found representative of the structural condition of the pavement.
The individual layer moduli and composite pavement modulus has been calculated over time
through backcalculation. Pavement layer moduli backcalculation methodologies developed from
Irwin (9), AASHTO (10), and Smith et al. (11) have been adapted for the backcalculation of the
moduli in this study. The effective structural number (SNeff) is calculated following the
AASHTO (10) equation using the backcalculated composite pavement modulus and pavement
thickness profiles collected from ground penetrating radar data.

METHODOLOGY

FWD testing was performed at two locations in each section. At each location, three repetitions
at three load levels (6, 9, and 12 kips) were applied. The deflection-measuring geophones were
spaced at 0, 8, 12, 18, 24, 36, 48, 60, and 72 in. from the center of the load plate. Measured
deflections were standardized to a 9-kip (40-kN) load and corrected to a pavement temperature
of 68°F (20°C) before the calculation of the deflection basin parameters. Table 1 shows the
deflection basin parameters, the equations, and the value ranges for different extents of damage
as recommended by Smith et al. (11).

The prediction and forecasting of the deflection basin parameters were performed using a
seasonal autoregressive integrated moving average (ARIMA) with simple exponential smoothing
of the forecasted data. The seasonal model can be easily explained in the format of ARIMA (p, d,
q) x (P, D, Q) model with constants, where p, d, and q are the number of autoregressive terms,
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TABLE 1 Deflection Basin Parameters and Recommended Ranges (3)

Parameter Equation .La'yer of Zone Values
Significance

Severe > 16

BDI BDI =d ; —dy, Base layer Warning | 8~16
Good 0~8
Severe > 8

BCI BCI = d,, — d36 Subgrade Warning 4~38
Good 0~4

AUPP AUPP = (5d, + 2d12; 224 ¥ dso) Surface layer —
0

NOTE: dy, d;,d,4,and ds¢ are the deflections measured at 0-, 12-, 24-, and 36-in. offset from the center of the
load plate for standard 9-kips equivalent impulse loading at 68°F.

number of nonseasonal differences needed for stationarity, and number of lagged forecast errors,
respectively. P, D, and Q are the same parameters as p, d, and g, but they are used in those
models where the seasonal effect is very prominent. Statistical analysis software (SAS) was used
for the forecasting. To investigate the time and treatment effect on the deflection basin
parameters, the longitudinal data analysis method was used with mixed effect modeling with
SAS at a 0.05 significance level. The following treatments were included in this study: chip seals
(single, double, and triple layer; single layer with crack sealing), microsurfacing (single and
double layer, single layer with crack sealing), and thinlays (PG 67-22, PG 67-22 on foamed
recycled base, PG 76-22).

RESULTS

A 120-months BDI projection has been performed based on the existing 67 months of data where
all the sections have a lower BDI value than the control section. Figure 1 shows the BDI values
over time. The 67th month represents the current condition, while values extending from that
point to 120 months were projected using the methods described in the methodology section.

Figure 1 shows that; the control section has the highest BDI at the current time. The
untreated section is projected to yield a BDI higher than 8 mils (~ 200 microns) at approximately
83 months of service, which means maintenance or rehabilitation work will be required at that
time according to Smith et al. (11). All treated sections, with the exception of the single-layer
microsurfacing with crack sealing, would be in good condition even at 120 months of service.
The plot shows a brief summary of the base layer condition over time for each type of treatment.

BCI is the measurement of damage in the subgrade. The lower the BCI value is, the better
the subgrade can spread the load to the soil. As per FHWA, Smith et al. (11) mentions an
optional requirement of maintenance and repair of the subgrade layer if BCI values rise higher
than 4 mils.

AUPP, being the representative measurement of strains under pavement layer, can help
modeling of rutting and fatigue cracking. Kim and Park (12) developed a model to measure
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FIGURE 1 BDI for different treatments and projection up to 120 months.

tensile strain at the bottom of the asphalt concrete layer (gac) constructed over aggregate base:
log(e,.) = 1.034log(AUPP) + 0.932.

Using AASHTO’s 1993 equation for composite pavement modulus (Ep) and layer
thicknesses collected from ground penetrating radar profiles, the effective structural number
(SNeff) was calculated over time. Using the ARIMA forecasting model, the SNeff was projected
up to 10 years of service. After 10 years of service, most treated sections have an effective
structural number higher than the control section. Considering a1 = 0.44, the overlay thickness can
be saved up to a minimum equivalent thickness of 2.25 in. (57 mm). Figure 2 shows the difference
between the SNeff value of different treatments and control section, measured at 6.5 years and
predicted after 10 years of service. The positive values signify the better structural condition of the
treated section than the control section while the negative value signify the vice versa.

Longitudinal data collected over the time of service for the BDI and BCI parameters were
tested to observe the treatment, time, and combined effect performing mixed modeling at o =
0.05 significance level with an assumption of time being a discrete variable. The p-values for the
varied wheel paths and traffic directions were compared for the parameters. BCI values, which
represent the subgrade structural condition, showed a strong time effect for the chip seal sections.
The thinlay sections showed a strong treatment effect and combined effect (time X treatment) for
the BCI values. The BDI values for the thinlays showed a significant treatment effect for the
thinlay sections. Table 2 shows the comparison between control and treated sections for different
parameters at the current time of 67 months and a projection at 120 months. The parameters
being considered are BDI, BCI, strain at the bottom of asphalt concrete (AC) layer (€ac ), and
effective structural number (SNeff). The values show the difference of the parameters between
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FIGURE 2 SNeff differences of treated sections to control sections
(Treated SNeff, Control SNeff).

TABLE 2 Difference Between Parameters (Control, Treatment)

Differences (A = Measured Parameter at Control

Section-Measured Parameter at Treated Section)
Current Difference @ 67 months  Projected Difference @ 120 months

Treatment Name

BDI  BCI g SNeff BDI  BCI g4 SNeff

Single-layer microsurfacing 3.21 1.20 2.88 —0.90 5.85 248 549 -1.41

Single-layer microsurfacing with
crack sealing

Double-layer microsurfacing 1.15 1.06 4.94 0.23 2.89 2.41 7.39 -0.28

Virgin thinlay with PG 67-22 2.79 0.87 2.73 —0.16 5.36 2.11 6.56 —0.72

Virgin thinlay with PG 67-22 on
100% foamed recycle base

0.90 1.00 5.88 0.66 1.78 2.05 8.89 0.35

2.08 0.67 2.14 -0.22 4.37 1.88 5.05 —-0.87

Virgin thinlay with PG 76-22 228 | 076 | 234 | —020 | 496 | 203 | 480 | —0.98
Single-layer chip seal 084 | 058 | 264 | 050 | 035 | 098 | 488 | 1.13
Selgﬁglay“ chip seal with crack 152 | 086 | 270 | —0.11 | 265 | 177 | 407 | -1.05
Triple-layer chip seal 2.76 0.57 -132 | -0.27 3.86 0.40 -7.16 | —0.56
Double-layer chip seal 1.74 1.14 3.45 —0.12 2.90 2.17 4.74 —0.90

the control section and the treated section. Positive BDI, BCI, and €ac values as well as the
negative SNeff signify a better performance of the treated sections, while the vice versa means a
worse condition of the treated section than the untreated control section.

CONCLUSIONS

In this study, the structural performance of pavement preservation treatments was evaluated
based on the corresponding deflection basin parameters for individual pavement layers. The
selected treatments—chip seals, microsurfacing, and thinlays—were found to have a statistically
significant effect on the structural performance of the pavement. Single-layer chip seal, single-
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layer microsurfacing with crack sealing, single-layer chip seal with crack sealing, double-layer
chip seal, and triple-layer chip seal were the treatments found to have the biggest contribution in
delaying the structural deterioration of the base layer and extend the life of the base layer up to 109
months, depending on the treatment applied. Single- and triple-layer chip seals can extend
subgrade life up to 73 and 15 months, respectively. All the treatments discussed in this study show
the reduction of tensile strain at the bottom of AC layer up to 10 microstrains after 10 years of
service compared to the control sections. The SNeff values for the single-layer microsurfacing,
chip seals, and all thinlays can save a minimum overlay thickness of 2.25 in. at the end of 10 years
of service. Data continue to be collected for this ongoing study with the intent of improving the
developed performance models.
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Geographic Information System Semi-Automated
Landslide Inventory and Assessment Tool

TERESA D. MORALES
Forest Service Regional Office, Missoula, Montana

INTRODUCTION

The intent of this presentation is a step-by-step analysis through the GIS Semi-Automated
Landslide Inventory Tool developed by OSU for the USFS. The tool was developed by Ben
Leschchinsky and Michael Olson of Oregon State University to assist U.S. Department of
Transportation and land management agencies with conducting landslide inventories across large
landscapes. The tool uses lidar or U.S. Geological Survey (USGS) digital elevation models
(DEMs) to help identify head scarps from old slides. Once a head scarp has been positively
identified and classified, the extents of the landslide are mapped (starting at the head scarp) using
a Contour Connecting Method (CCM) algorithm. Since the algorithm is based in a GIS
environment, the outputs from the analysis can be overlain with other datasets such as a road
network, popular recreational areas, sensitive habitat, etc. Using this analysis in the context of
pertinent datasets allows land managers, specialists, and line officers to make informed
management decisions regarding landslide hazards.

METHODOLOGY

As noted above the tool uses lidar or USGS DEMs. The resolution of the raster data is reduced to
avoid misclassifying potential head scarp candidates. Selection of appropriate resolution is user
identified. Once the appropriate resolution is determined slope raster and hillshade derivatives
are generated to aid in visual classification and verification. The analysis then identifies locations
of convexity and concavity (rough indicators of head scarps and deposits) across the landscape.
Locations of concavity and convexity are then compared to potential rock outcroppings and
stream crossings. All potential rock outcroppings and stream crossings are removed from
consideration. Remaining areas of convexity are identified as potential head scarp candidates.
The tool then generates head scarps from these candidates. Candidates can also be removed or
added as deemed appropriate by the user. Once candidates are positively identified, the CCM
algorithm is used to generate the extents of the landslide initiated from the head scarp.

The tool may generate multiple potential landslides. The results should be closely
evaluated and verified against field investigations.
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FINDINGS
FIGURE 1 Example of CCM FIGURE 2 Example of
output results. inventory results.
CONCLUSIONS

e Tool is well organized and relatively easy to learn.

e LiDAR data performs much better than USGS DEMs

e The tool is useful in doing a coarse inventory of potential landslides. Positive
identification of past landslides can be indicative of future landslides (i.e. peak vs. residual
strength).

e The results should be carefully evaluated and field verified by trained professional.

e Tool is effective in identifying head scarps but evaluation/verification of results can
be time consuming.

e Since analysis is conducted in a GIS platform the output results can be evaluated in
the context of other data such as a road network, popular recreation sites, sensitive/critical
habitat, etc.
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Development and Pilot Installation of a Scalable
Environmental Sensor Monitoring System for
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he freeze—thaw cycle is one of the major sources of damage to granular-surfaced roadways,

especially in areas where the timing of heavy agricultural traffic coincides with that of
spring thawing. To help local roads agencies plan better for annual budgets and frost embargos,
it is useful to be able to predict the frost depth and number of freeze—thaw cycles under a given
roadway based on continually updated weather and soil data. Computational modeling can help
in this regard, and may be conducted by collecting data on weather and the thermal and hydraulic
properties of the soil—as well as soil temperature, moisture, and suction—and using the data
directly in the analyses. In order to obtain accurate field data for model calibrations and
predictions, an appropriate sensor network and data acquisition system must be planned and
installed. This article details the development and installation procedures for one such system of
sensors for subgrade temperature, water content, and matric suction, and presents lessons learned
throughout the process. Various issues are discussed relating to selection of the sensor and data
acquisition system, laboratory and field checks, borehole-sensor installation tools, and post-
installation troubleshooting and monitoring. To ensure a successful installation beneath the
granular roadway, laboratory and field trials were first performed. Salient details of a pilot
installation in Hamilton County, lowa, are provided to guide others developing and scaling
similar subgrade sensor systems.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019 _low_volume road_conference/trr.
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Comparison of Three Degree-Day Models for Application of
Spring Load Restrictions on Low-Volume Roads
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INTRODUCTION

Major highways and interstates are designed to withstand damage from traffic during spring
thaw; however, low-volume roads can be highly susceptible to damage from such springtime
traffic. To reduce potential spring-thaw damage, many road management agencies apply spring
load restrictions (SLRs), which restrict the allowable load on the road during critical periods
when the pavement is most susceptible to damage. Table 1 presents a summary of the approaches
used by transportation agencies for SLR timing (1).

The Aurora Consortium is sponsoring a pooled-fund study in which two of the
approaches listed in Table 1, Methods 5 and 6, are being evaluated via a field demonstration.
Several protocols and/or model predictions are being validated against observed subsurface
temperature profiles and measurements of pavement deflection at instrumented sites in five
highway jurisdictions [AK, MI, ND, Ontario (ONT), and WI]. This abstract presents interim
results from evaluation of three degree-day threshold/protocols (Method 5). Ultimately, results
from this research will be used to help understand the reliability, benefits, costs, and risks of
these approaches for SLR timing.

METHODOLOGY

Several degree-day models and protocols have been reported in the literature for determining SLR
timing. Initial efforts in this regard were by Mahoney et al. (2). Their method has been revised and
several variations used since that initial effort. The most notable revision, by Van Deusen et al. (3),
is the procedure currently used by Minnesota Department of Transportation (MnDOT) (4, 5).
These and several other methods are based on cumulative thawing indices (CTI) calculated as the
accumulation of degree-days computed from average daily air temperatures. Degree-days are
generally calculated as the difference between the daily average temperature and some reference
temperature. The daily air temperatures used in the models are ideally obtained from a weather
station at the site, but may also be obtained from a nearby National Oceanic and Atmospheric
Administration or National Weather Service weather station, a state-owned road weather
information system or similar station, or a combination of sources. These models are relatively
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TABLE 1 Methods for Applying Spring Load Restrictions

Method Comments

1 | Fixed dates based on long-term Because of year-to-year variations in freezing and
experience. thawing, damage could still occur. Or hauling may be
restricted because of given date when conditions are
fine for hauling without damage.

2 | Inspection/observational approaches, Too late; damage has already occurred.

where field personnel observe changes
in the roadways such as water seepage
from cracks, other indicators of
pavement distress, or a worst-case
scenario of major rutting, cracking, and

breaking up of asphalt.

3 | Monitoring changes in pavement load- | State DOTs typically own one FWD, possibly two, and
bearing capacity as indicated by can test only a sample of roadway segments statewide.
deflections measured in falling weight | Most other road management agencies or
deflectometer (FWD) tests. municipalities, such as cities and counties, do not own

FWDs.

4 | Monitoring subsurface temperature Excellent for conducting studies, but as a means of
and/or moisture profiles beneath monitoring for SLR and winter weight premium
roadways. placement and removal, site specific.

5 | Degree-day thresholds/protocols based | Can be very simple to use.
upon air temperature data to set SLR
and winter weight premium dates.

6 | Predictive models based on Can range from somewhat simple to very complex to
atmospheric weather data to predict use requiring complex input. More complex models can
subsoil temperature profiles. cost a fair amount.

simple to apply and can be accomplished using spreadsheets. When coupled with accurate
weather forecasts, this approach has an advantage over Methods 2, 3, and 4 (Table 1) because
estimates of when to apply the SLR can be provided 5 to 10 days in advance.

Most degree-day methods use a reference temperature other than 32°F, the freezing point
of pure bulk water, to consider differences between the air and pavement surface temperatures
and increases in incoming shortwave radiation during the spring and early summer. Three
degree-day threshold protocols were studied for the Aurora project. The first method, outlined in
detail by MnDOT (4, 5) uses a variable reference temperature to account for increased solar gain
during the late winter and early spring. The MnDOT protocol recommends placing the SLR
when the CTI exceeds 25°F days.

While several researchers have found that the MnDOT protocol and reference
temperatures work well for regions located at about the same latitude as Minnesota, other
investigators have suggested that local calibration may be required for sites at different latitudes.
The second protocol used in this study was developed by researchers at Lakehead University and
is described in detail by Pernia et al. (6). This method also uses the MnDOT reference
temperatures and equations for computing the CTI, but suggests using site-specific CTI threshold
values for applying SLRs, which must be calibrated by determining the CTI values
corresponding to the dates when the thaw depth exceeds 12 in. For the ONT site, the Lakehead
model was calibrated by Pernia et al. (6) based on several years of data. For the other four
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Aurora demonstration sites, the authors used Year 1 data (2014-2015) for calibration and then
ran this model in predictive mode for Year 2 of the study (2015-2016). Site-specific CTI
threshold values (in units of °F days) were the following:

AK: 80.5
MI: 101.1
ND: 64.2
ONT: 129.6
WI: 49.2

The third approach used in this study uses a relatively new model developed by Rajaei et
al. (7) for estimating pavement surface temperatures, based on the latitude of the site and
measured daily average air temperatures. Rajaei et al. suggested using pavement surface
temperatures estimated from their model to compute daily and cumulative thawing indices for
use in SLR application. Because this approach accounts for changes in latitude (and thus changes
in solar gain during the early spring), a potential advantage of this approach is that it may
eliminate the need for local calibration of reference temperatures for CTI calculations. Rajaei et
al., however, did not recommend a threshold value to be used for that pavement temperature—
based CTI, nor did they correlate thawing index values with thaw depth profiles beneath any of
the roadway stations in their study. Therefore, in a complementary study, several investigators
conducted research to accomplish the following:

e Validate the Rajaei et al. (7) model over a wider range of geographic regions using
measured air and pavement surface temperatures at several roadway sites and

e Determine whether a consistent CTI threshold could be determined that would be
appropriate for SLR application for all the sites regardless of location.

Eftekhari et al. (8) studied several sites in Alaska and in the contiguous United States
(CONUS) and found that the Rajaei model yields reasonable estimates for pavement surface
temperatures over a wide latitudinal range, although they noted that the Rajaei model slightly
underpredicted pavement surface temperatures (7). Eftekhari et al. (8) correlated CTI values
computed using pavement surface temperatures from the Rajaei model with measured thaw
depths and suggested that a CTI threshold value of 30°F days might be appropriate for SLR
application (based on a target window between the onset of thaw and the date when the thaw
depth exceeded 12 in.). This third approach for SLR application was also evaluated at the Aurora
field test sites.

FINDINGS

SLR start dates from the three different degree-day protocols were compared with measured frost
and thaw depths. The number of days that the SLR start dates fell early or late relative to a 12-in.
thaw depth are summarized in Table 2 and Figure 1. The findings suggest that the protocol based
on the Rajaei pavement temperature model generally comes closest to suggesting SLR start dates
on or slightly before the dates when the thaw depth reaches a depth of 12 in. In this study,
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No. of Days Early (-) or Late (+)

TABLE 2 Number of Days that Predicted SLR Start Dates Fell Early or Late

# Days Early (-) or Late (+)

MnDOT Lakehead ‘ Rajaei/Eftekhari
AK 2015 =36 -1
AK 2016 =2 7
MI 2015 —6 =5
MI 2016 -1 5 0
ND 2015 =3 -1
ND 2016 =3 1 3
ONT 2015 =25 7 -19
ONT 2016 -16 19 -15
WI 2015 -1 0
WI 2016 —6 6 -1
Average -9.9 7.5 —4.3
Std Dev 12.0 6.1 7.5
B MnDOT m Lakehead = Rajaei/Eftekhari
20
10
0 B! --III J. ’-”.J’ L
-10 -
-20 -
30 -
-40
AK AK MI MI ND ND ONT ONT WI WI

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

FIGURE 1 Number of days that predicted SLR start dates fell early or late.
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the MnDOT method was most conservative, and the Lakehead University protocol was least
conservative (with suggested SLR start dates consistently falling after the 12-in. thaw depth was
reached).

For the 2015 spring at the Aurora site in Alaska, as well as the more extensive set of data
from Alaska sites reported by Eftekhari et al. (8), the new protocol based on the Rajaei pavement
temperature model greatly improved SLR predictions compared to the MnDOT protocol. In the
Eftekhari et al. (8) study, the MnDOT method predicted SLR start dates before the onset of thaw
for 98% of the freeze—thaw season and site combinations in Alaska. This early prediction bias
was expected, since the MnDOT reference temperatures were calibrated in Minnesota, where
solar gain increases are observed much earlier in the springtime compared to those in Alaska.

In 2016, there were insufficient data available at the Aurora site in Alaska to run the new
protocol. For the remaining Aurora sites in CONUS, the new (Rajaei/Eftekhari) protocol
provided only modest improvement over the MnDOT method. Interestingly, none of the models
performed well for either study year at the Ontario site, suggesting that perhaps there was some
site-specific anomaly there.

CONCLUSION

Results of this study suggest that the MnDOT method, as well as a new protocol based on the
Rajaei pavement temperature model, both perform well for predicting SLR application dates in
CONUS. Both models are slightly conservative and predicted SLR start dates within 6 days
before the date when the thaw depth reached 12 in. at the study sites in CONUS. As expected,
the new protocol performed better than the MnDOT method at higher latitudes such as Alaska.
The Lakehead University protocol was least conservative, with suggested SLR start dates
consistently falling after the 12-in. thaw depth was reached at the study sites. Coupled with the
fact that the Lakehead method must also be calibrated on a site-specific (or perhaps regional)
basis, it is considered not as desirable as the other two degree-day protocols evaluated in this
study.

When using any protocol for SLR application, one must keep in mind that variations in
cross section, solar radiation, elevation, etc., can vary substantially along the length of any road,
and particularly along LVRs. Since one instrumented site is typically used for obtaining air
temperatures (and/or other input parameters) for SLR timing protocols, it is important that the
site be as representative as possible so that the SLR application date is appropriate for the entire
region over which it is applied.
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Accurate identification of soil freeze or thaw (FT) is important for road management, because
it greatly affects a road’s load-bearing capacity. Despite low-volume roads (LVRs) being
more susceptible to damage because of FT transitions compared with high-volume roadways,
relatively few LVRs are monitored via temperature data probes (TDP). Frequent and global
space-borne retrievals of soil FT states may be valuable to fill this observational gap. The
NASA'’s Soil Moisture Active Passive (SMAP) instrument provides FT retrievals up to twice a
day, approximately corresponding to the top 0 to 10 cm of soils. This study compares SMAP FT
data to TDP data at LVRs located in the contiguous United States (CONUS) and Alaska using
hourly data obtained from the Meteorological Assimilation Data Ingest System for the 2016,
2017, and 2018 winters. Overall, SMAP FT retrievals show promise in distinguishing between
cold and warm roads. For all cases, the median road temperatures corresponding to SMAP frozen
and thawed retrievals were clearly below or above 0°C, respectively. SMAP 6:00 p.m.
observations perform better than the 6:00 a.m. observations with overall accuracies of 76% in
CONUS and 81% Alaska. However, SMAP’s accuracy for frozen conditions is below 50% in
CONUS indicating that SMAP has a warm bias compared with the TDP sites. These preliminary
results suggest that the SMAP FT states have potential value for road management.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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Local Highways in New York State?
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Most highways in New York State are maintained by local agencies, so decisions about
operations and maintenance for low-volume roads are critical. Local highway officials use
existing tools and methods to manage their highway networks. Posting of weight limits is done
for a variety of reasons such as structural limits on bridges, setting of truck routes through a
community, and seasonal posting. A simple low-volume pavement model was developed using
with the Cornell Pavement Frost Model to review various approaches to seasonal posting of
roads and streets. Using a simple model for timing of seasonal posting can be a very effective
tool for a local highway agency. The Cornell Local Roads Program developed such a spreadsheet
tool currently being tested by local towns in New York. The tool only requires a simple
pavement model and average air temperature data.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019 _low_volume road_conference/trr.
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INTRODUCTION

Granular-surfaced roads in seasonally cold regions regularly experience damage and degradation
due to freeze—thaw cycles and steadily increasing traffic loads. Repair and maintenance of such
roads can consume significant portions of budgets from counties and secondary roads departments.
Several approaches are used to combat these types of moisture-related damage, including

Temporarily spreading rock on the affected areas;
Lowering or improving drainage ditches;
Tiling;

e Bridging the areas with stone and geosynthetics covered by a top course of aggregate
or gravel;

e (Coring boreholes and filling with calcium chloride to melt lenses and provide
drainage; and

e Regrading the crown to a slope of 4% to 6% to maximize spring drainage.

However, most of these solutions are aimed at dealing with frost boils after they occur.

To help prevent or minimize the occurrence of freeze—thaw damage-related problems in
the first place, the lowa Highway Research Board (IHRB) has supported several previous and
ongoing research projects. In the previous Phase II IHRB Project TR-664: Low-Cost Rural
Surface Alternatives: Demonstration Project (1), several stabilization methods were implemented
over 17 test sections in Hamilton County, lowa. Data was collected on construction and
maintenance costs, and extensive laboratory tests, field tests, and field photographic surveys
were conducted. The most-effective and economical stabilization methods for the soil and
climate conditions of lowa were identified, with several of the methods greatly improving the
longevity and performance of the roadway materials.

For the ongoing IHRB Project TR-721: Low-Cost Rural Surface Alternatives Phase III:
Demonstration Project additional mechanical and chemical stabilization methods were used to
construct a total of 33 additional test sections in four counties distributed geographically around
the state of Iowa in August through October 2018. Through the upcoming winter and spring
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seasons, the test section performance will be documented using extensive field tests and surveys.
The goal of the ongoing project is to assess the effectiveness and relative costs of the additional
stabilization methods for improving performance and minimizing freeze—thaw damage, under a
wider range of climate conditions, subgrade types, and aggregate sources. To aid other
stakeholders interested in using the stabilization methods, this paper details some of the
construction equipment and methods used to build the 33 test sections.

METHODOLOGY

The stabilization methods used in the current project include five chemical stabilization methods
in Washington and Hamilton counties and six mechanical stabilization methods in Howard and
Cherokee counties (Table 1). Additionally, two of the mechanical methods (optimized gradation
with clay slurry and aggregate columns) were also used in Washington and Hamilton counties, as
the Technical Advisory Committee was particularly interested in assessing the performance of
these two economical methods in all counties.

To design the test sections, extensive laboratory tests were conducted including sieve and
hydrometer, Atterberg limits, slaking, California bearing ratio, proctor compaction, and
unconfined compressive strength tests on soil samples that were taken from the test sites and
mixed with the stabilizers when appropriate. After construction of the test sections, field tests
including dynamic cone penetrometer, falling weight deflectometer, light-

TABLE 1 Types and Locations of the 33 Field Test Sections Used in This Study

Counties
Stabilization Method Howard Cherokee Washington Hamilton

None (control section) X X X X

Aggregate columns (2) X X X X

Optimized gradation with clay slurry (3) X X X X
S |Ground tire rubber (eliminated) X
g Recycled asphalt pavement mixed 50/50 with X X
g aggregate (4)

2-in. slag surface above 2-in. existing aggregate base X+X X+X

(5) (two slag sources)

4-in. slag surface (5) (two slag sources) X+X X+X

12 in. Type I/II cement-treated subgrade X

4 in. Type I/Il cement-treated aggregate surface X X*
— |course (6)
é Silicic acid, sodium salt concentrated liquid stabilizer X X
2 |(SASS-CLS)
© |Non-ionic concentrated liquid stabilizer with neutral X X

pH (NI-CLS)

Ionic concentrated liquid stabilizer (I-CLS) X X

NOTE: X = Section constructed in this county. X* = Section will be constructed in this county.
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weight deflectometer (LWD), nuclear density gauge, and Colorado State University dustometer
tests were performed. Additionally, smoothness and friction measurements were made using the
Roadroid cell phone app. The field test results will be compared to those after the spring thaw to
track changes in the strength, stiffness, and general performance of the test sections. Visual
surveys with photos will also be conducted after periods of thawing and precipitation to assess
performance. Maintenance requirements will also be tracked using survey reports completed by
grader operators and county engineers.

FINDINGS

Based on the laboratory tests, the optimum compaction moisture contents and dry densities were
determined and used to design the test sections. Suggested construction methods were drafted
and then modified as necessary according to the actual soil and weather conditions encountered,
equipment available, county crew experience, and other challenges commonly encountered in the
field. The research team communicated and worked with the liquid stabilizer manufacturers, slag
providers, and clay slurry provider to ensure that their recommended construction procedures
were followed as closely as possible. Representatives from the manufacturers of the SASS-CLS
and I-CLS (see Table 1), as well as both slag providers and the clay slurry provider traveled to
the site to oversee construction and provide guidance. Information on the final as-built
construction procedures and equipment are proved below to aid other secondary roads
departments who may wish to use the same or similar stabilization methods. More detailed lists
of construction procedures will be presented in the project’s final report.

All of the chemical stabilizers except for the 12-in. cement-stabilized subgrade section
were mixed using a 60-in. wide RoadHog mounted on a Caterpillar 938M Wheel Loader and
attached to a water truck by a hose system. The portland cement was first spread on the road
surface using a spreader truck and the liquid stabilizers were added directly to the water tank
before mixing. For all sections except the aggregate columns, tow-behind rubber tire rollers were
used for compaction, along with a smooth drum vibratory roller for finishing most of the
chemically stabilized sections. The smooth drum roller was also used for the slag sections in
Howard County and for all the optimized-gradation-with-clay-slurry sections. Because the three
concentrated liquid stabilizers can set up hard in cold weather, it is important to get a smooth
finished surface by using the smooth drum roller and tight blading. The 12-in. cement-stabilized
subgrade section was mixed using a Caterpillar RM300 Road Reclaimer, followed by
compaction with an 86 in. wide pad-foot vibratory compactor.

The optimized gradation with clay slurry sections were based on research described in Li
et al. (3, 7). In this approach, the gradations of existing surface materials and up to three potential
quarry materials can be entered into a spreadsheet that will determine the optimum mixture
proportions to give the tightest particle packing and therefore greatest strength. The clay slurry is
used to increase the plasticity to reduce material loss due to water and fugitive dust. The
optimization spreadsheet can be downloaded from the Project TR-685 final report webpage
given in the references. After blade mixing the optimized proportions of aggregates and forming
a 6-in. high windrow on each side, the clay slurry was sprayed by a self-unloading tanker trailer
with a custom-fabricated deflector plate, then blade mixed edge to edge with 10 to 15 grader
passes. After blade mixing the slurry and aggregate, a light cover of fresh dry aggregate over the
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top (two truckloads spread over a 500-ft section) was determined to be effective to minimize
sticking of the very wet mixture to the compaction equipment.

Both the steel slag and recycled asphalt pavement (RAP) sections were placed using
conventional methods and blade mixed using graders. In Cherokee County, a disc plow harrow
was also found effective for mixing the RAP and aggregate together. The slag from Source A
had a finer gradation, while that from Source B had a larger and more uniform gradation. Both
materials resulted in a good final surface, with the Source A slag packing to a tighter surface due
to the higher fines content.

However, their performance through winter freeze—thaw cycles has not yet been
compared. Figures 1 and 2 show the various equipment used to construct the test sections.

FIGURE 1 Equipment used for mechanically stabilized sections: (a) disk plow harrow; (b)
motor grader; (C) power auger; (d) vibratory compactor; (€) water truck; (f) rubber tire
roller; (Q) self-unloading tanker trailer spraying clay slurry; and (h) dump truck.
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FIGURE 2 Equipment used for chemically stabilized sections: (2) RoadHog reclaimer; (b)
water truck with chemical stabilizer added to tank connected to RoadHog; (C) road
reclaimer; (d) sheepsfoot vibratory compactor; and (e) powder spreader truck.

CONCLUSIONS

All of the stabilization methods except for ground tire rubber resulted in good quality surfaces
immediately after construction. The ground tire rubber was incorporated at only 20% by volume
in the bottom 2 in. of a 4-in. thick aggregate surface, but created a soft, unstable surface that had
to be removed. The clay slurry results in a rather wet construction procedure, but the surface is
passable by the end of construction. In all four counties, significant rainfall the same day or one
day after construction did not make the sections impassable. Secondary roads crews from all four
counties remarked that the optimized gradation with clay slurry sections looked very good (better
than the control sections) after a few days of drying, and have continued to hold up well for
several months.
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In the remainder of the project, the performance of the demonstration sections will be
assessed using extensive field tests performed after spring thaws along with photo surveys and
condition rating reports completed by grader operators. The costs of constructing and
maintaining the various stabilized sections will also be tabulated and compared, to provide
insight into their relative effectiveness and economy.
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INTRODUCTION

Climate change poses many serious threats to the nearly 193 million acres of public lands
managed by the U.S. Forest Service (1). Most of the existing National Forest transportation
system was built over 60 years ago to accommodate timber harvest and log removal. The roads,
bridges, and other critical transportation infrastructure needed to access and travel within Forest
Service lands were first constructed using the design standards of the 1960s and 1970s. In 2011,
the Forest Service developed the National Roadmap for Responding to Climate Change and a
Climate Change Performance Scorecard (2, 3, 4). The National Roadmap calls for “Protecting
infrastructure by modifying or relocating roads, culverts, trails, campgrounds, and other facilities
to resist floods and other major disturbances” by using a science-based approach to assessing
vulnerability and determining adaptation actions, but it gives each area of the country a chance to
develop its own methodology in response to its unique challenges.

The Forest Service is currently responsible for over 370,000 miles of road and 6,200 road
bridges. While a comprehensive analysis of the vulnerabilities to the transportation infrastructure
would be ideal, the Forest Service has chosen to continue its ongoing activities using the most
current science to facilitate adaptation and mitigation strategies. The Forest Service, in
cooperation with the U.S. Department of Transportation John A. Volpe National Transportation
Systems Center, has developed the U.S. Forest Service Transportation Resiliency Guidebook (5).
It is based on studies that provide a framework to help field staff assess the most vulnerable
transportation assets, which can be incorporated into comprehensive climate change vulnerability
assessments at a broad land management scale.

METHODOLOGY

All Forest Service units have been tasked with addressing the impacts of climate change.
Methodologies for how unit each assesses, adapts, and/or mitigates the impacts have been carried
out in similar ways and adapted to local circumstances. Three different approaches to climate
change adaptation are presented in the following case studies.
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FINDINGS
Intermountain Region Climate Change Vulnerability and Adaptation Assessment

In April 2015, the Intermountain Adaptation Partnership (IAP) was formed and built on previous
Adaptation Partners (www.adaptationpartners.org) efforts. IAP developed a regionwide climate
change vulnerability assessment covering the main topics of climate, water resources, fisheries,
wildlife, forested and nonforested vegetation, ecological disturbance, recreation, infrastructure,
cultural heritage, and ecosystem services. The IAP geographic area includes 12 national forests
and 22 National Park Service units. This 3-year concentrated effort to complete a comprehensive
climate change vulnerability and adaptation assessment brought together researchers and land
managers along with partners to better understand climate processes and how they affect the
lands that are collectively managed.

In 2018, the Forest Service published a 15-chapter general technical report (GTR) titled
Climate Change Vulnerability and Adaptation in the Intermountain Region through the Rocky
Mountain Research Station (6). The climate science trends to Year 2100 indicate the
Intermountain Region will see increases in annual and seasonal maximum and minimum
temperatures. By 2100, the projections show that median minimum and maximum temperatures
are projected to rise by as much as 10°F, which in most parts of the region will bring the median
minimum temperature above freezing, a critical threshold for snowmelt, which affects runoff.

The infrastructure chapter highlights the potential risks to infrastructure and the
surrounding landscape from changing climatic conditions, including from increasing
temperatures and extreme weather (Figure 1) (6). The GTR lays out a three-level assessment
approach to systematically analyze vulnerabilities to infrastructure from climate change in the
Intermountain Region:

1. Maintain an inventory of type and miles of infrastructure. The assessment includes
infrastructure summary tables for roads, road bridges, trails, trail bridges, buildings, recreation
sites, and dams.

2. Analyze vulnerabilities at regional scales.

3. Analyze vulnerabilities at local or smaller scales.

Assessing vulnerabilities and the establishment of asset rank and purpose will help
prioritize planning, funding, replacement, maintenance, and decommissioning. The identification
of assets that have a high likelihood of being affected by future climatic conditions can be critical
information when developing programs of work. For example, infrastructure, including
transportation assets, near or beyond their design life have increased risk to damage from a
changing climate, including from flooding and geomorphic disturbance. The most significant
damages are often from extreme events.

Adaptation strategies include maintaining an accurate inventory of all infrastructure
components and identifying at-risk infrastructure components, increasing the resilience of the
transportation system to increased disturbance, and implementing best management practices that
take into account climate change.

Similar efforts have been made in the North Cascade Mountains (7). More information
may be found at www.fs.usda.gov/goto/cc and www.adapationpartners.org/iap.
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FIGURE 1 Climate-related effects to transportation systems (6).

Pacific Southwest Region Focus Study on the Sierra Nevada Mountain Range

In early 2018, the Forest Service Pacific Southwest Region began a Recreation and Infrastructure
Climate Change Vulnerability Assessment for the 10 National Forests that cover the Sierra
Nevada Mountain Range. The Sierra Nevada is a biologically diverse and culturally and socially
important region of Central and Northern California and provides timber, rangeland, minerals,
and recreation opportunities for California. Drought, followed by intense rainstorms, particularly
on fire-scarred forests, have led to millions of dollars of damage to roads, trails, culverts, bridges,
dams, buildings, and other infrastructure.

Hydrologic impacts and changes can potentially be significant for California’s Sierra
Nevada region. Climate projections suggest small changes in the total amount of precipitation,
with possible increases, but storms will be warmer so that there will be more precipitation as rain
and less as snow. Also, storm patterns will be more erratic, runoff peaks will be earlier in the
year, and intensities will increase. Increased peak flows will put existing culverts at risk and
accelerate erosion and gullying in areas. Sequences of drought and storms, as well as warmer
temperatures, will promote more wildfires, followed by debris slide events.

Assessment of infrastructure risk is critical since funding and resources are always
limited. Potential problematic areas or sites must be identified and the consequences of damage
considered. Risk involves two factors: the likelihood of an event happening and the
consequences of that event. This type of risk evaluation is needed to prioritize where limited
funds are spent to minimize fire and storm impacts.
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While this study is in its infancy, the intent is to produce a vulnerability assessment with
a geospatial component of the built environment that complements previous species and habitat-
related assessments and will also include socioeconomic issues. Key objectives of this project
include the following:

e Synthesize the best available science to assess climate change vulnerability and
develop adaptation strategies for recreation and infrastructure resources on National Forests in
the Sierra Nevada Mountain Range.

e Develop a framework and tools for managers to incorporate the best available science
plus existing/complementary assessments into Forest Service recreation and engineering
program assessments.

e Define priority regional and forest-level climate change vulnerabilities so that such
factors may be integrated in a cohesive and strategic manner throughout the land management
planning process.

e Produce a spatially explicit, peer-reviewed vulnerability assessment, with maps,
written to support the needs of FS resource managers.

It is assumed geospatial analysis will help assess the problems, identify areas of risk, and
potential problems. Maps of stream corridors, projections of stream bank full width, proximity of
roads to streams, expected changes in snowpack depth or duration, fire intensity maps, and soil
types can be used to identify hazard risk assessments, while maps of road systems can also
identify alternative routes and identify redundancy to key locations. These tools can help identify
high-risk areas or sites, potential future problem areas, and resources needed to facilitate repairs
after disasters.

Literature reviews of relevant publications, reviews of similar efforts made by other
agencies on a state and federal level, and consultation with local personnel as well as key
partners in the Sierra Nevada all contribute to the understanding of resources affected by climate
change.

Information is being gathered from individuals regarding impacts to resources they have
seen and ideas for adapting to the changes and minimizing adverse impacts to infrastructure.

Possible adaptation and mitigation measures include the following: planning for earlier
access on forest roads due to less snowpack when subgrade soils are still saturated; ensuring that
maintenance is current and road surface drainage measures are functioning properly, minimizing
concentration of water; modifying bridge and culvert designs to accommodate larger design
flows; addressing potential scour problems at bridges; adding trash racks and culvert diversion
prevention measures to deal with increased debris in channels; designing culverts to match
channel bank-full width; repairing old retaining structures and filling slopes in marginal
conditions; using additional dust palliatives on project roads during droughts; moving facilities
away from streams or areas of potential debris slides; and ensuring that critical slopes are well
covered with deep-rooted vegetation (8, 9).

U.S. Forest Service Transportation Resiliency Guidebook
Using common themes and methodologies developed in Forest Service case studies across the

nation, the Forest Service, with the help of the U.S. Department of Transportation John A. Volpe
National Transportation Systems Center, produced the U.S. Forest Service Transportation
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Resiliency Guidebook in September 2018 (5). The guidebook uses a conceptual framework for
general practitioners at a local level to consider the impacts of climate change and prepare for
effects to their transportation system. This tool can also be used to help communicate risk
associated with climate change to decision makers. A high-level analysis as outlined in the
guidebook allows general practitioners the opportunity to rapidly assess transportation
vulnerabilities and prioritize high-risk or problem areas. This book provides field-going
personnel a process to assess and address climate change impacts on Forest Service
transportation infrastructure at local and regional levels. It also highlights ways the Forest
Service can make its transportation system more resilient to potential climate change impacts
when funding opportunities arise.

CONCLUSIONS

Risk assessments can be used to determine the greatest risks to infrastructure assets; establish a
ranking order of vulnerabilities; and help prioritize planning, funding, replacement, maintenance,
and decommissioning efforts. Utilization of adaptation strategies such as maintaining an accurate
inventory of all infrastructure components; identifying at-risk infrastructure; forecasting changes
in snowpack, rain, and stream flows; and implementing best management practices with
appropriate road “storm-proofing” measures all lead to a more resilient transportation system.
Given funding challenges, a high-level assessment will allow local units to determine how best to
focus limited funds and provide asset managers with the tools for wise investment.
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bout 20% of the Serbian national road network has sections with low-volume traffic. These

sections are maintained in relatively poor condition since the maintenance budget is
typically allocated to the road sections with most traffic. This paper aims to define the
appropriate maintenance policy for keeping these sections in “optimal” condition. The traditional
approach has been to consider as optimal the condition leading to the minimum sum of road
agency costs and road user costs. However, currently there is an emphasis on including
environmental cost (greenhouse gas emissions, in particular) into pavement management
systems. This extends the concept of optimum by defining it as the maintenance policy leading to
the minimum sum of

(a) Road agency costs,
(b) Road user costs, and
(c) The cost to society of CO2 emissions.

Three potential influencing factors are further analyzed—traffic loading, pavement
structural number, and the initial condition of the road section. The World Bank’s Road Network
Evaluation Tools model was used to analyze the Serbian low-volume road network and develop
the optimal maintenance policy. The results show that the cost of CO2 emissions plays an
important role in calculating the optimal policy, but unlike the high-volume parts of the road
network, in the case of low-volume roads, a substantial part of total emissions is related to the
production and placement of new pavement layers, rather than from vehicle emissions.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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INTRODUCTION

Like other African countries, Mozambique is facing a challenge of repair and maintaining roads
damaged from the effects of climate change (i.e., floods, storms, and cyclones). Climate change—
associated road damages have direct socioeconomic effects, particularly to the rural community.

Mozambique has a tropical to subtropical climate, with some semiarid regions in the
southwest of the country. A slight increase in mean annual temperature has been observed in
Mozambique. The largest increase was observed in the south of the country (1° in 100 years).
Average annual rainfall has decreased significantly. The south and coastal regions have
experienced an increase in extreme events associated with the effects of climate change.

One focus of the ongoing climate vulnerability project supported by the Africa Community
Access Partnership (AfCAP), a research programme funded by UK Aid, is to identify, characterize,
and demonstrate the appropriate engineering and nonengineering adaptation procedures that may
be implemented to strengthen the resilience of rural roads.

As part of the AfCAP climate vulnerability project, a 50-km gravel (unpaved) road
between Mohambe and Maqueze in the Gaza province of Mozambique was identified for the
construction of demonstration sections (Figure 1). The road is located along the edge of various
natural lakes, making it more vulnerable to the flooding frequently experienced in Mozambique.
This road links to a small village that has not more than 2,000 inhabitants who have been besieged
during the rainy season. The road is estimated to carry about 25 vehicles per day (vpd) on average,
with very few heavy vehicles.

The road also forms part of a climate adaptation program funded by the World Bank.
Significant damage was done to this road during the 2013 flooding, and six concrete fords
(emergency repairs) were installed to improve passability in 2014, and various short sections were
spot regravelled with a blend of sand and calcrete. Although this road had been identified by Mott
MacDonald for a climate resilient exercise funded in a World Bank project, their conclusions were
primarily related to improving the existing drainage structures.

Four demonstration sections are constructed along the Mohambe and Maqueze road to
address climate change-related problems leading to the undercutting of concrete fords, damage to
road approaching concrete ford, damage to culverts, and damage to the gravel road surface. The
designs and construction program for the demonstration sections are presented in this paper. The
long-term performance of the demonstration sections is planned to be monitored over time. The
outcomes of the monitoring program are expected to inform on the appropriate adaptation
procedures for wider implementation in Mozambique, and possibly elsewhere.
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Project location

A/

FIGURE 1 Location of the project.

METHODOLOGY
The ongoing project was divided into two phases, namely

e Phase 1: Road assessment, identification of problems, and design of the solutions.
e Phase 2: Construction of demonstration sections.

Phase 1 of the project has been completed. At this moment, construction of the
demonstration sections is in the final phase and will be followed by an evaluation of the degree
of implementation of the recommendations and, finally, the monitoring of the performance,
particularly during the rainy season.

Road Assessment and Identification of Problems

The road was initially visited in September 2016, and a follow-up visit was made in August
2017. The road is unengineered earth road with minimal side drainage and some ineffective
mitre drains and made use of the local silty-sand material as the wearing course. The road mostly
had only two-wheel tracks and had very few corrugations, indicating the low traffic volumes and
speeds. The local sandy materials (reddish and grey) appeared to be suitable for the light traffic
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on this road and had been compacted into a hard-wearing course, probably mostly by traffic,
although many sections apparently become impassable (slippery) when saturated.

At the northern end of the road, numerous culverts had been assessed as part of the
upgrading project. These are spaced at various intervals, but with the flat grades prevailing in the
area, many of them appeared to be unable to move the water away from the road effectively.

Very few areas have properly constructed and maintained side drains. Mitre drains are
constructed regularly along the road, but not always in the correct positions and usually too short
and poorly graded, resulting in ponding of water in the drains and onto the adjacent road.

Numerous culverts had been damaged by flooding. Most of the damage was due to erosion
at the exits with undercutting and cracking. However, the incidence of undercutting of erosion
protection measures (mostly grouted stone pitching) was evident at many of the structures. This
was often due to poor compaction of the embankment material allowing access of water behind the
structures as well as surface erosion—improved anchoring and drainage are needed at these
structures. The main areas affected are parts of the approach fills that are eroded during flooding,
protection works that are left unsupported or washed away, and scour of the stream-bed at outlets
(one of the identified demonstration sections was constructed at this location).

A major drainage problem had occurred at km 47. An old borrow pit had become a dam to
the north-west of the road section. After a rain, the dam overflows and creates a stream that leads
onto the road with no drainage provided. This has caused extensive erosion adjacent to the road as
well as severe damage to the road. This area required significant erosion protection and the
installation of an appropriate drainage structure.

At km 43, the culvert was showing significant damage due to erosion. There was severe
erosion and undercutting beneath the water exit slabs, loss of parts of the grouted stone protection,
and erosion of the approach embankment to the south. The approach road on both sides of the
culvert was very poor and needed significant lifting and improvement. In addition, the drainage
channels were incorrectly handled by the structure and required some realignment. This area was
identified as a potential demonstration section.

The damage to the unpaved road surface was seen at several locations, resulting from
different causes, including erosion by uncontrolled water and poor compaction of the materials and
use of erodible materials as the wearing course.

The concrete ford constructed under the World Bank emergency repair program in 2013 at
km 36 has performed relatively well, although the gabion baskets showed significant signs of rust
and failure. The road at the northern approach to this ford is badly deformed and eroded and
required repair. It was clear that the ford does not extend sufficiently up the slope to avoid erosion
of the road during overtopping, and this had to be addressed in a demonstration section.

The undercutting of concrete fords was observed in two locations. It is not apparent
whether this was caused by overtopping of the ford by the stream flowing from the east or wave
erosion of the unprotected material beneath the concrete. The concrete ford in km 17 was the most
affected by the erosion and had lost part of the old concrete. This was addressed in a demonstration
section.

Design and Construction of the Solutions

After the road assessment, four demonstration sections were designed and constructed to address
the identified problems as described in the following sections.
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Section 1: Erosion and Undercutting of Concrete Fords

The recommended solution is to incrementally construct a vertical wall (200-mm thick with 16-
mm reinforcement at base at 250-mm intervals) near the edge of the concrete ford slab (on inert
material), backfill the voids with an inert fill and a high slump concrete (0.5 m thick), and then
extend the concrete slab to the top of the wall. The wall was founded on imported inert material
at least 1-m deep and has a concrete protection slab at the base. Figure 2 depicts construction
progress by mid-October 2018.

Section 2: Damage to Culverts and Erosion Protection

The recommended solution is to properly shape the road and level off at the top of the culverts
with the grade from 5 m to the north of the first culvert to 5 m to the south of the second culvert
being perfectly flat. All damaged protection works should be removed. The materials in these
areas must be replaced with inert material and compacted to at least 95% mod AASHTO density.
The stone pitching should then be repaired with a cement grout filling all joints.

Section 3: Damage to Road Approaching Concrete Ford

Initially, it was proposed that a continuous (i.e., unjointed) roller compacted no-slump concrete
slab 150-mm thick and 45-m long (the same width as the existing ford) should be constructed.
Instead of constructing the proposed roller compacted concrete, the damage to the road
approaching concrete ford at km 23 was repaired by constructing improved gravel road.

Section 4: Ineffective Drainage of Road Surface: Poor Shape and Side-Drains

The recommend solution is to construct an improved gravel road with wearing course material
that complies as closely as possible with the standard specification and is placed in a 150-mm
compacted layer at not less than 98% mod AASHTO effort. The camber of the wearing course
after construction should be 5%. In addition, the culvert at the start of the section should be
reconstructed.

(@) (b)

FIGURE 2 Section 1 construction progress: (a) before start of construction in August 2017
and (b) construction progress by mid-October 2018.
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FINDINGS

Although still preliminary, the results of quality control in the field show that the calcrete soils
used in the wearing course will have a good bearing capacity, which will guarantee less erosion
on the road surface.

During the last rain season, it was noticed that the culverts performed well. The concrete
strips that were built around the edge of stone pitching had an important role of protecting the
stones.

WAY FORWARD

This project is expected to produce manuals and guidelines with engineering solutions that will
improve road maintenance works with low traffic volumes and to address the effects of climate
changes on the structures. The results of the demonstration sections will be replicated to other
regions with the same type of problems.

The sections performance monitoring plan is being prepared carefully, considering that
the characteristics of the demonstration sections differ (pavement, aqueducts, concrete fords).
The “guideline for the monitoring of experimental and LTPP sections in Mozambique,” which is
being prepared and funded by UK Aid, are anticipated to be used during the performance
monitoring.
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he passage of state legislation has promoted and encouraged the development of pavement

management plans at the local level. A widespread response to such legislation in some
states has been the assessment of pavement condition using the pavement surface evaluation and
rating (PASER) method. The specific objectives of this research were to

a. Assess the accuracy of statewide local agency PASER raters;
b. Identify PASER values that are difficult to rate; and
c. Propose a standard tolerance to be used in statewide quality-control evaluations.

Statewide PASER condition data collected by local agencies in Indiana were statistically
subsampled and rated by PASER-certified Indiana Local Technical Assistance Program (LTAP)
personnel. The local agency ratings were then compared with the LTAP ratings using four
agreement tolerances:

Complete agreement;
Within-1-rating agreement;
Within-2-ratings agreement; and
Good—fair—poor category agreement.

=

Local agencies tended to overrate the middle-to-low PASER values (1-6) and slightly
underrate the upper PASER values (7—10). This means that budget needs based on data collected
by local agencies are likely underestimated. Pavements in poor condition (PASER 1-4)—
particularly PASER 4—were assigned the correct good—fair—poor category the least often. Since
the good—fair—poor category agreement was the most rigorous tolerance after complete
agreement and has the potential to capture significant funding differences appropriate to each
category, it is recommended for use as a statewide quality-control standard.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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Local Highway Agencies in New York State

GEOFFREY R. ScoTT
DAVID P. ORR
Cornell University Local Roads Program

he Cornell University Local Roads Program (Cornell) has worked with over

137 municipalities throughout New York State since 1993 in the development of pavement
asset management plans. To facilitate the implementation of pavement management plans,
Cornell originally used a software package developed by the New Hampshire Local Technical
Assistance Program Center. More recently, Cornell worked with a former intern to develop a
modern, easy-to-use asset management software focused on pavement management using
concepts from the original road surface management system. This software is available to any
municipality interested in developing an asset management plan for their pavement. To facilitate
the implementation of asset management plans, Cornell matches an interested municipality with
a qualified college student intern to organize, evaluate, and develop a pavement management
plan specific to the municipality. Over many years, and several iterations of software, Cornell
has improved the intern project. The project has helped many local agencies develop
management plans that not only help identify the maintenance and construction needs of a
roadway network, but also justified an increase in funding in many cases. Currently, the project,
known as the Cornell Asset Management Plan Summer Intern Project, annually facilitates
approximately 15 to 20 municipalities across New York State in the development of pavement
management plans.

INTRODUCTION

Pavement management systems help agencies better understand their transportation network and
in doing so can help in the efficient budgeting and planning of maintenance and repairs; thereby
extending the life of a roadway network, improving the level of service provided to its users, and
allowing for the better use of the limited funds that are available for those activities (1). For
many small municipalities in New York State, a comprehensive overview of the roadway
network is known only by the highway official in charge of that network, since much of the
maintenance history is never documented. When these managers retire, the loss of this
institutional knowledge often results in the complete history of a public asset being lost over
time. This forces every new road manager to rediscover what can be reconstructed while forging
ahead with a trial-and-error approach in managing their infrastructure.

Since 1993, the Cornell University Local Roads Program (Cornell) has offered the
Cornell Asset Management Plan (CAMP) Summer Intern Project to all local highway agencies
within New York State. In 2013, when funding became available for the development of an
upgraded user-friendly pavement management software, Cornell turned to a former student
intern and program assistant, Pete Schmalzer, to redevelop the software originally used: Road
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Surface Management Systems (RSMS) (2). RSMS was originally developed by the University of
New Hampshire in the mid 1980s.

The redevelopment was necessary because of the inconsistencies and issues associated
with the original DOS-based format of the RSMS software. It became difficult to manage and
operate this older software on today’s newer computer operating systems. CAMP was developed
on a Windows Access—based database format, which would allow for the software to remain
simple in nature and work on a standalone basis (3).

ASSET MANAGEMENT

As a tool for identifying, assessing, and planning, asset management has become a critical means
for many municipalities to address their various assets. In NewY ork, common methods
encountered and used to develop road maintenance budgets usually include one or more of the
following:

e Last Year’s Budget, with random increases or decreases;

e Standard Program, where programed maintenance is conducted on a periodic basis;

e Squeaky Wheel, where the emergency and citizen complaints dictate maintenance
response;

e  Worst First, where the streets in the worst condition get the work;

e Political Pressure, where politics are used to develop programs and budgets; and

e (Gut Feeling, where experience and knowledge of experienced employees are used.

These approaches, whether singularly or in combination, may work when a system is in
good condition with adequate funding. In New York, many local roads networks do not have the
necessary funding, nor do these above-mentioned methods actually help plan for the future, look
to extend the life of the existing pavements, or focus on improving the overall roadway network.
With the increased demand for accountability and a decrease in the supply of funding,
particularly if an agency has roads in medium to poor condition, it has become increasingly clear
that there is a need for the tools to allow for better decision making based on reliable
information.

There are many reasons that municipalities resist the implementation of documented
management plans including a resistance to change from current practices; the fear of being
“discovered” as unprepared; the fear of the supervisor losing “power” by sharing information;
and/or lack of manpower and funding to continue program support. In larger organizations,
communication between the pavement management manager and other operating units within the
agency can be diluted or lost, resulting in the management plan failing to get implemented. To
help local agencies in New York State overcome these implementation road blocks, Cornell
developed the summer intern project that matches college students with municipalities.

In many local highway departments around New Y ork, the number of employees limits
what a department can do in a day. By using a student intern, a municipality can develop a
pavement management plan with limited time available from current employees. The use of an
intern also allows for an unbiased evaluation of the road network that is based on the conditions
of those roads. This allows the entire network to be reviewed, relative to itself, in an unbiased
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approach that has been widely accepted by local government officials and the public, when used
as a communication tool.

Cornell provides training to the student intern and a municipal employee on how the
process works and how to make it successful. In addition, Cornell provides technical support via
phone and e-mail and conducts a minimum of two site visits to each location to discuss issues,
provide guidance, and ensure the interns are moving forward in the right direction.

Cornell Asset Management Program for Roads and Streets

The Cornell Asset Management Program (CAMP) software is basic and easy to use, yet still
provides the necessary information to make good decisions. The newer CAMP software,
developed in 2013, is based on concepts in RSMS, but uses more modern computer code and
database format (4). The new software is easier to use for the summer interns who set up the
management plan for the municipality under the assistance and guidance of a municipal
employee.

Factors considered in its development were the following:

Be easy to learn and use,

Provide a systematic and organized approach,

Be workable and realistic, and

Be understandable and accepted by the local board.

The software is a network-based approach to pavement management that stores and
analyzes data, which generates reports that assist in cost-effective decision making. The steps in
the CAMP process are the following:

Prepare an inventory of the highway network.
Assess conditions of the network segments.
Develop repair alternatives, and local costs, typically used by the agency.
4. Assign repair alternatives specific to the distresses found during the condition
assessment.
5. Prioritize maintenance needs.
6. Generate reports, budgets, work schedules, and work orders.

wo =

At the heart of the software are its decision trees and its ability to prioritize repairs and
maintenance. A decision tree is essentially a three-by-three matrix with the vertical edge
representing severity and the horizontal edge representing extent. For each box of the matrix,
there is a deduction value that when selected deducts a specific number from the total condition
of the road segment.

Figures 1 and 2 show snapshots of the background of the CAMP software and are a
representation of how the software deducts points to calculate the Pavement Condition Index
(PCI) and selects Repair Categories for each distress severity/extent level encountered. Figure 1,
PCI Deducts, shows a three-by-three matrix; this matrix identifies the amount of points to be
deducted for the specific level of severity and extent of each distress. At the same time, a Repair
Category (Figure 2) is selected for the corresponding severity/extent. For each distress evaluated,
a condition severity and an occurrence frequency on that road segment are determined. This



Scott and Orr 81

simultaneously selects the number of points to be deducted and which repair category will
address the specific distress in its observed condition. There is a decision tree associated with
each distress rated. The software tallies the total number of points for each distress to be
deducted for each road segment; this value is then subtracted from 100 to give a PCI value for
that specific section. In a case where multiple distresses are identified, the repair category with
the more critical distress will take precedent, with the assumption that repairing the more critical
distress will also address the lesser distresses that have been identified.

Each distress is caused by a specific type of failure within the roadway; identifying each
distress and its condition will help determine the proper repair selection. Repair selections are
focused on correcting the problem to minimize the potential for similar issues arising in the
future at the same location. This allows the network to be improved for long-term sustainability,
facilitating the overall improvement of the roadway network over time.

PCIl Deducts
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FIGURE 1 Illustrative PCI deduct.
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FIGURE 2 Decisions tree in CAMP-RS.
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Prioritization within the CAMP software takes into account multiple factors, including
the strategy (or repair category), importance, traffic, PCI, drainage, and roughness. Each factor
can be weighted by the user to put greater influence on any of the specific factors. The greater
the value of the priority the sooner the repair is recommended.

Priority=k1*S*(k2*I+k3*T+k4-*%+k5*D+k6*R) 1)
where
Priority = priority score;

S = strategy;

| = importance;

T = traffic;

PCl = pavement condition index;
D = drainage;
R = roughness; and

ki = weighted percentages, 1-100.

In the above equation, the strategy, S, referred to as the repair category within the
software, is the primary factor that dictates the priority as it is a multiplier for all of the other
scores. Since work is scheduled based on this score, the strategy is also the driver of when work
will be accomplished. The determination of which strategy will be recommended is made when
the status of each distress is chosen. Referring back to Figures 1 and 2, as each level of distress is
determined, simulataneously a value to deduct is made for the PCI determination and a repair
category is selected. The strategy column in Table 1 shows the values that are used in the priority
equation. There are eight repair categories for each surface type within the software (Table 1),
with slight variations from each other to address the different levels of repair that may occur for
each surface type. Each level of the repair category has a strategy value and a precedence value
that allows the user to adjust the emphasis of each.

The underlying schema of the strategy setting is to focus on maintaining roads in good
condition while addressing the roads in poor condition as funding allows. By applying a high
strategy value to maintenance work and a low strategy value on high-cost repairs, rehabilitation,
and reconstruction, the software can prioritize when a repair activity shall be recommended. A
higher strategy score will yield a higher priority value, which will recommend the repair be
scheduled sooner. Drainage work typically has the highest priority since removing moisture from
the road surface and base will help extend the life of the roadway, while reconstruction is a lower
priority when it comes to maintaining the road or street (5).

Precedence is the order in which the category is selected within the software, starting
with low precedence of defer maintenance to a high precedence for reconstruction. When
multiple strategies are identified based on the distresses present, the software will select the
repair strategy with the higher precedence value to address the more severe condition, assuming
that repair will correct the other deficiencies. Typically, the higher the precedence of a repair
category, the lower value of the strategy, which reflects in a lower priority when it comes to
scheduling the work. The exception to this in all situations is the repair category for drainage. As
mentioned, drainage is a key component in the survival of any road surface, therefore, in
managing the extension of a pavement’s life, addressing drainage first is always critical. As such
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TABLE 1 Repair Categories in CAMP-RS

Unpaved Surfaces Strategy ‘ Precedence Surface Treated Strategy Precedence

Drainage work 5 8 Drainage work 6 8
Reconstruct 1 7 Reconstruct 2 7
Regrade 3 6 Asphalt overlay 3 6
Reshape surface 4 5 Surface treatment 4 5
Spot add material 6 4 Spot repair 3 4
Dust control 5 3 Patching 5 3
Spot dust control 6 2 Crack repair 6 2
Defer maintenance |1 1 Defer maintenance |1 1
Asphalt Surface  Strategy ‘ Precedence Concrete Surface Strategy Precedence
Drainage work 6 8 Drainage work 6 8
Reconstruct 1 7 Reconstruct 1 7
Rehab 2 6 Rehab 2 6
Overlay 3 5 Overlay milling 3 5
Surface treatment 3 4 Surface treatment 4 4
Patching 4 3 Patching 4 3
Crack repairs 4 2 Crack repairs 5 2
Defer maintenance |1 1 Defer maintenance |3 1

the software is set to have drainage as the highest strategy, allowing the correction of drainage
issues to be a priority when scheduling maintenance work.

When determining the importance of a road or street, the software allows the user to
select from five levels. To keep it simple and to avoid the impact of a knowledge void, Cornell
recommends that the importance be focused on the local roads being evaluated. This means
ranking an agency’s highways based on the relative importance to the community. For example,
a roadway leading to a hospital or fire house would have a high importance to the community,
while a dead-end with a limited number of users, would have a low importance to the community
as a whole.

This same approach is also taken when an agency is determining the traffic level. Again,
five different levels of traffic are available for the user. For roads where traffic counts are high or
where truck traffic is high, agencies are recommended to identify these roads as high traffic,
while a road such as a dead-end has a low volume of traffic. Many local agencies have opted to
use only three of the categories (1, 3, 5) since most of their roads are low volume in nature. This
allows them to simplify their assessments and tailor the software to their needs.

PCI is determined through the deduction of points process described earlier. As the
distresses are evaluated during the condition assessment process, each value less than perfect
causes a deduct value for each distress. The accumulation of these deducted points are subtracted
from 100 to calculate the PCI. An example score is shown in Figure 3.
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FIGURE 3 PCI example for a highway segment with a PCI of 77.

The PCI used in this software is not related to any other methods of calculating PCIs and
is strictly related to the deduction process within the software, but an informal review showed the
PCI value is very similar to the pavement condition score used by the New York State
Department of Transportation (NYSDOT) in their Comprehensive Pavement Design Manual (6).
The value determined provides a means for road managers to assess the overall condition of the
network while identifying roads within that network that will need additional work to bring the
condition rating higher. It is also a good communication tool to provide comparisons between
highway segments in the local network.

Maintenance of drainage is one of the more important practices available when managing
a road network (7). As such, the CAMP software includes this as an important component in
managing the network. Drainage refers to the condition of the roadway and roadside drainage.
Roadway drainage includes the road surface cross slope, shoulder build up, and the ability of
runoff to leave the surface of the roadway. Roadside drainage includes the effectiveness of the
shoulder and ditches, or curbs, gutters, and storm sewer systems. Drainage condition is
determined during the condition assessment and is rated based on its severity on whether it is
good, fair, or poor. Good is when it functions properly; poor is when it has failed; and fair is
when there are issues, but it still functions.

Roughness is the last category used in determining the priority of maintenance of a road
section. Again, the approach is to keep the process simple. When deciding the roughness of a
road surface, users are advised to use the “coffee cup” test, where the evaluator imagines holding
an open-top coffee cup while driving on the road to determine the road surface roughness. This
test assumes three levels of roughness; smooth, medium rough, and very rough. With an open
coffee cup in mind, a road where the driver could drink from the open cup would be considered
smooth. On the other end of the spectrum, if the ride is too rough to even hold the cup of coffee
without it spilling, the segment would be considered in the very rough category. Anything in
between is considered a medium roughness.

The software also allows the user to increase the impact of a specific feature of the
priority equation through the use of weighting factors. These weighting factors, ki, can be
increased from the default of 1 to a maximum value of 100. It is recommended that the user be
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confident in the use and results provided by the software before modifying any settings,
including the priority weighting factors. Cornell recommends using the default values of 1 until
the user has fully developed an initial pavement management plan.

CAMP Database
The CAMP software uses three underlying tables of data:

e Road network inventory;
e Road surface condition; and
e Maintenance, rehabilitation, and reconstruction (MR&R) strategies.

The road network inventory contains the basic information about each road segment in
the network. The inventory number must be unique. The basic data collected and stored are
illustrated in Figure 4.

The road surface condition table stores the data collected during the visual inspection of
the distresses for each segment. This is a critical component since distress evaluation of different
distresses are directly related to certain causes of pavement deterioration. Because of this, each
of the distress types are linked to proper MR&R strategies, identified as “Repair Strategies” in
Table 2. Descriptive scales are used for distress assessment in the form of extent and severity of
the distress as described previously. To keep things simple, the extent and severity are only low,

FIGURE 4 Inventory data.
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medium, or high. In some cases, only severity or extent is used with a particular distress. This
allows survey personnel to use the scales with more consistent results and allows the results to be
understood by nontechnical people involved in the decision process. Table 3 shows the distresses
evaluated by surface type.

Distresses used in the CAMP software vary depending on the type of road surface. For gravel
or unpaved roads, the distresses evaluated include the cross section, potholes, roadside drainage,
rutting, corrugations, loose aggregate, dust, and roughness. For surface-treated and asphalt roads, the
common distresses evaluated include longitudinal/transverse cracks, drainage, alligator cracking,
roughness, patching/potholes, rutting, and bleeding/raveling. For surface-treated surfaces, there is the
addition of the distress, treatment condition; while the asphalt surface contains the distress, edge
cracking. Concrete distresses evaluated include drainage, roughness, patching/potholes, surface
condition, durability “D” cracks, faulting, corner breaks, and joint seal condition.

Distress Definitions (4, 8)

e Gravel or unpaved road surface
— Cross section: Ability for run-off to flow from the roadway.
— Potholes: Areas loss of material resulted in bowl-shaped depressions.
— Roadside drainage: Whether roadside drainage, including ditches, culverts, or
shoulders, can properly direct and carry run-off water away from the road.

Unpaved Surface

Defer maintenance

TABLE 2 Repair Strategies by Surface Type

Asphalt Concrete or Surface-Treated Surface

Defer maintenance

Concrete Surface

Defer maintenance

Dust control

Crack repairs

Crack repairs

Additional gravel Patching Patching
Reshaping Surface treatment Surface treatment
Regrading Overlays Overlay milling
Rehabilitation Rehabilitation Rehabilitation
Reconstruction Reconstruction Reconstruction

Unpaved Surface

TABLE 3 Distresses Evaluated by Surface Type

Asphalt Concrete or Surface Treated Surface

Concrete Surface

Cross section Alligator cracking Drainage®
Roadside drainage® Long/trans. cracking Roughness®
Corrugations Edge cracking Durability D cracks
Potholes Patch/potholes® Patching/potholes
Rutting Roughness? Joint seal condition
Loose aggregate Rutting Surface condition
Dust Bleeding/raveling® Faulting
Roughness® Drainage® Corner breaks

2 Only severity or extent is used.
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— Rutting: Channels along the wheel paths that cause the run-off to drain along the
road surface rather than drain to the edge of the road.

— Corrugations: Closely spaced ridges and valleys, perpendicular to the flow of
travel, and spaced at fairly regular intervals.

— Loose aggregate: Aggregate particles that have been loosened and moved into
berms along the shoulders or center of the roadway.

— Dust: A hazard created by the loss of fine materials from the road surface by
vehicles.

— Roughness: Irregularities in the roadway surface that adversely affect the comfort
of the ride.

e Surface-Treated and Asphalt Roads

— Longitudinal/transverse cracks: Cracks run parallel or perpendicular to the road
centerline.

— Drainage: Ability for the run-off to flow from the paved area.

— Alligator cracking: Interconnected crack patterns that resemble alligator skin or
chicken wire.

— Roughness: Irregularities in the roadway surface that adversely affect the comfort
of the ride.

— Patching/potholes: Areas where original pavement has been replaced due to
deterioration. Patching does not include properly prepared patches. Potholes are areas
where portions of the road surface have broken and loss of pavement has resulted in a
bowl-shaped pattern.

— Rutting: Channels in the wheel paths, causing water to flow along the road surface
rather than drain to the edge of the road.

— Bleeding/raveling: Bleeding refers to excess asphalt material on the surface of the
roadway, reducing skid resistance. Raveling is the wearing away of the pavement
surface caused by the dislodging of the surface aggregate particles and loss of asphalt
binder.

— Treatment condition: Quality and condition of the surface treatment.

— Edge cracking: Cracks adjacent and parallel to the edge of the pavement.

e Concrete Roads

— Drainage: Ability for the run-off to flow from the concrete surface.

— Roughness: Irregularities in the roadway surface that adversely affect the comfort
of the ride.

— Patching/potholes: Patching refers to areas where the original concrete has been
removed and subsequently replaced. Potholes are areas where portions of the concrete
have broken and loss of material has resulted in a bowl-shaped depression.

— Surface condition: The presence and severity of map cracking, scaling, polishing,
pop outs, and spalling.

— Durability “D” cracks: Closely spaced crescent-shaped hairline cracking pattern
that occurs adjacent to joints, cracks, or free edge, initiating in slab corners.

— Faulting: An evaluation of elevation differences across a joint or a crack.

— Corner breaks: Where a portion of the slab is separated by a crack, which
intersects with the adjacent transverse and longitudinal joints, describing approximately
a 45-degree angle with the direction of the traffic.
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— Joint seal condition: Ability to prevent incompressible materials or water from
infiltrating through the joint from the surface.

Repair strategies are preloaded into the software, and decision trees are used to associate
them with surface distresses. Each surface distress category has a decision tree that relates each
severity/extent condition with each of the strategies. Table 3 shows the repair strategies by
surface type.

Accurate estimated unit costs and life expectancies of each repair strategy are a required
input. Accurate costs are important in the selection of the most cost-effective alternative. The
user needs to develop MR&R strategies actually used by the local agency.

CAMP Summer Intern Project

The CAMP Summer Intern Project matches qualified student interns with interested
municipalities across New York State to develop the pavement management plan. The use of an
intern helps local agencies to develop a documentable pavement management plan without
restricting the ability of the department to conduct work it has been obligated to perform. To
ensure that all parties are aware of the goals and how to get there, Cornell provides three days of
training on the Cornell campus for both the student and a municipal employee. This training
covers a wide range of topics related to pavement design, maintenance, and management.
Training includes the following:

e Safety—including proper personal protection equipment—issues and hazards found
in the highway right-of-way;

e Roadway structure and materials;
Concepts of pavement management;
Pavement distresses and their causes;
Repair techniques and application for best results;
CAMP software overview and practice;
Inventory collection;
Developing unit costs;
Selecting repairs; and
Developing a management plan and budget.

The training also includes field practice in highway sectioning, inventory collection,
condition evaluations, and software use to provide actual experience. Providing this hands-on
experience gives the student and the municipal employee confidence in moving forward with the
project when they return to their specific municipality.

Once at the municipality, the intern researches and gathers the road inventory information
from local and state resources; confirms road section boundary lengths and widths; and, with
assistance of the municipality, identifies the level of traffic and the importance of each road
segment. Properly identifying the traffic level and importance of the road segment to the
community is valuable since these parameters are used to set priority in maintenance and repairs.

Once the inventory is gathered, confirmed, and entered into the software, the student
proceeds to conduct condition evaluations on each segment. Following the guidance developed
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by FHWA, Distress Identification Manual for Long-term Pavement Performance (8), the student
and a municipal employee typically begin the evaluation process to confirm the evaluations are
within the guidelines and consistent. Once the entirety of the road network segment distresses are
assessed, these data are entered into the software.

Based on the data collected, the software provides recommended repair strategies and a
condition index, from which the student and municipal employee determine the most cost-
effective repair to extend the life of the pavement and preserve or improve the level of service of
the road network. Critical to this process are the determination of the repair unit costs, from
which estimated project costs are generated. Once the repair is selected, the software provides a
prioritization of each of the road segments based on the concept of keeping roads in good
condition. Annual budgeting using available funding is then used to develop a multiyear
maintenance plan.

Once repairs have been selected and prioritized and the initial plan developed, the intern
and the municipal employee sit down and prepare a final management plan that outlines which
repairs will be conducted. The student then prepares a final report for the agency that walks
through the CAMP process, including the inventory and condition assessments, the training, and
the findings and recommendations. Included is the final management plan, which outlines the
recommended repairs and repair sequence. This report typically outlines the scheduled repairs
for the following 5 years, at which time it is recommended that the network be re-evaluated and
the plan updated.

TRIALS AND TRIBULATIONS

The goal of the CAMP software was to provide a simple tool that could be used by smaller
agencies to better manage their road network. The opportunity to participate in the summer
intern project, for many smaller agencies, was the support they needed to help implement a
pavement management system. The interns were able to conduct the time-consuming tasks of
gathering and coordinating the necessary information into a readily usable tool tailored to each
specific municipality that can be built on in the successive years to follow.

Initially, the updated CAMP software had several glitches that created nuisances to the
user. In the past 6 years, minor corrections were made to improve the program. Ultimately, most
of the correction recommendations were provided by the students who were using the software
regularly. From these recommendations, Cornell prepared a list of wish items of more extensive
corrections to be fixed when the opportunity presented itself. In addition, many agencies were
pleased with the pavement management aspect of the software, but requested the addition of
other assets, developed on the same concept of “simple and easy to use.”

Many agencies successfully worked to link the CAMP software to a GIS format. Using
the GIS format, many of the agencies were able to better communicate their management plans
and overall goals to their elected boards and the public. This better communication often led to
an increase in funding to achieve the goals outlined. The reports generated by the students also
have proved useful. These reports have been used in subsequent years for planning the work
activities on the road network and helped define the work scope and budget needs. In several
cases, the municipalities have put these reports on their websites for the community to access, or
to refer residents, to the pavement plan to identify when other roads were to be repaired or
maintained.
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Associated with the use of student interns for the summer came the difficulty of obtaining
students. Typically, a student in the STEM (science, technology, engineering, and mathematics)
programs is preferred. However, in recent years finding students interested in participating in the
internship has been difficult. The demand for this internship tends to fluctuate with the economy,
the better the economy the more difficult to find interested students. To overcome this, the
requests for participation have expanded to most of the colleges and universities in New York
State, expanding from just engineering schools. Qualified students from other colleges and
universities outside of New York State were also considered, although not pursued.

Experience has also found that when students are recruited locally (often by the
municipality), they tend to take ownership of their work and are more conscientious of the work
they are doing. Being local also helps the student find a place of residence easier than a student
from out of town, who would need to find a place to stay during the summer. In areas where
tourism dominates summer housing, it can be very difficult for an intern to find housing at a
reasonable cost. Colleges and universities close to an agency are often used for student interns to
find an apartment to sublet for the summer, defraying some of the total cost for housing.

Although there is no cost to the student to participate, as mentioned, the costs for housing
and the anticipated pay rate can also be discouraging to some students. Many students have
different opinions on the amount they should be paid. For interns in an engineering field of
study, the Cornell program recommends the pay scale be in the range of $12 to $15 per hour.
However, with the rising of minimum wage in some areas, many students opt for the high rate of
pay in lieu of the experience of an engineering internship. To compound this, many agencies do
not pay their current regular employees in the recommended pay scale range. In these cases, the
municipality offers what it can to the students. Typically, the students accept the position, but
there have been experiences where the desire for pay outweighs the desire for experience.

Each year the Summer Intern Project is offered to all municipalities in New York State. It
is unfortunate that of the 1,599 local municipalities in New York State, only a total of 137
municipalities have participated in the program. In recent years, there has been an increase in the
number of returning municipalities. Many of those that are 3 to 5 years into a previously
developed pavement management plan request participation in the project again to update their
plan. Each agency differs in their reasoning and methods when reparticipating; for Cornell, the
important aspect is that they are maintaining and continuing with their pavement management
program.

Comments provided in project evaluation forms have found that there have been many
successes gained from participation. The management plan and report serves as a valuable
resource for communicating the pavement management plans of a community to both the elected
board and the community. By educating elected officials on the process, several boards have
come to understand the critical needs of the highway network and have increased funding,
specifically funding aimed at local highway maintenance and reconstruction. Other agencies
have discovered that they have substantially more mileage than thought. This was because of the
lack of detailed record keeping during a period when multiple housing developments were built
within the local jurisdictions. In New York State, this translates into an increase in funding from
the state through the Consolidated Highway Improvement Funds (9).
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CONCLUSION

The development of and subsequent improvements to the CAMP software were a collaborative
effort between multiple municipalities, many student interns, and the Cornell staff. As an
inexpensive pavement management tool that is simple to use, it has allowed many smaller
agencies to develop their own specific pavement management programs. At less than $100, it
provides an affordable alternative to many of the proprietary software programs that require
annual use and maintenance fees. As improvements are made to the software, agencies that had
previously purchased the software and/or participated in the summer intern project, are provided
with the software upgrades and technical support for no extra fee. This allows the agencies the
ability to improve and expand their asset management and have a resource to help them through
any issues they may encounter during its use.

At the request of many of the agencies, the next step for the CAMP software is to address
some glitches and inconsistencies found within, while expanding the asset offerings to include
signs and culverts. At the same time, the software will be geared to link directly to a GIS format
to allow the mapping of the assets. These improvements are scheduled to be completed by the
spring of 2019.

Looking back, the authors have assembled their experiences, lessons learned, and future
plans for the CAMP software and the intern project. As a simple tool to better management, it
serves as a valuable tool in communicating the needs of the roadway network. This
communication and education has not only gained the support of the public, but has proven to
educate several elected boards to increase much needed funding. It is hoped that this review of
the project can be used by others when working to develop their own asset management plans or
assisting others doing the same.
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he Research for Community Access Partnership is providing technical assistance and

capacity-building initiatives to foster sustainable improvements in asset management
performance in selected rural road agencies in Sub-Saharan Africa. Central to the research
methodology is the development of a specification to enable road agencies to assess their
performance in asset management as a basis for self-improvement. The specification is based on
the development of an objectively determinable “road sector sustainability index” which
measures the extent to which six building blocks considered essential for achieving effective
road asset preservation are satisfied in practice. Periodic measurements of the condition of the
project road networks, coupled with the collection of socioeconomic data, are being used to
monitor the trend in road asset value and to assess the effectiveness of, and improvements in,
asset management as well as the impact of road condition on the well-being of rural
communities. This paper outlines methodologies and tools that have been developed and piloted
in four Sub-Saharan African countries to assess and monitor performance in rural road asset
management and to achieve improvements over time. It summarizes progress achieved in the
first 3 years since the project’s inception. The initial findings of the research indicate that severe
institutional, funding, and technical shortcomings exist in the participating countries that
preclude sustainable road asset preservation. However, following implementation of the methods
summarized here, there is now an increased awareness of the importance of adopting a holistic
approach to road asset management using simple and sustainable methods.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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erformance prediction models are needed for a decision support system to decide the budget

for maintaining the pavements above the desired threshold performance level. In the present
study, performance of low-volume rural roads constructed under the Pradhan Mantri Gram
Sadak Yojana program of the government of India in the Tiruchirappalli district, Tamil Nadu
State, India, are considered. An extensive visual condition survey of the study roads was
conducted for a period of 3 years to assess the pavement and drainage condition. The evaluation
was done on a rating scale of 1 (very poor) to 5 (very good). Factor analysis was used to
formulate an index called the Visual Condition Index. The present study uses k-means cluster,
which is one of the nonhierarchical methods of clustering. Five cluster groups have been
developed, and separate performance prediction models were developed for each of these
clusters. A separate prediction model was also developed for all the road sections without
clustering. The optimization of the maintenance strategies is considered under the scenario of the
Necessary Fund Model. The objective is to minimize the budget required for maintaining all the
pavement sections above the threshold condition index level. The minimum maintenance
treatment required to keep the pavement sections above the desired performance level and the
associated cost was found to decrease, when cluster-based performance prediction models were
used. The significance of clustering of pavement sections is also elucidated from the
optimization results.

INTRODUCTION

In developing countries, like India, the problem of pavement maintenance is of immense
significance because of limited resources. As pavements continue to deteriorate due to climate,
traffic, and environmental effects, the maintenance of the rural roads through timely planning is
the need of the hour under the budget-constrained scenario. The purpose of maintenance is to
ensure that the road remains serviceable throughout its design life. Maintenance is important
because it extends the life of the road by reducing the rate of deterioration, thereby safeguarding
costly investments in rehabilitation, lowering the vehicle operating cost, keeping the road open
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for traffic, and contributing to more reliable transport services and sustains social and economic
benefits of improved road access (1).

Though clustering has been adopted as an efficient analysis tool in various traffic studies,
it has not been integrated with a pavement management system (PMS) for low-volume rural
roads. The application of cluster analysis and the development of deterioration models for roads
based on clusters and their benefits needs an investigation. The pavement maintenance and
rehabilitation (M&R) program should consider the choice of different M&R strategies for the
project roads during the entire analysis period, the optimal timing for the application for these
maintenance strategies, and the budget requirements for all the sections during the entire analysis
period. The requirements of the above information and other constraints, like the threshold level
of pavement performance for maintenance, limitations on the number of maintenance strategies
in a year, etc., make the pavement management optimization problem more complicated.

The main objective of the present research work is to develop an optimization technique
to determine the optimal M&R actions for flexible pavements grouped into various clusters
based on the pavement conditions. The importance of or the need for clustering in optimization
techniques for selecting the optimal M&R strategies is also studied. This paper focuses on the
deterioration and maintenance of low-volume rural roads at the network level. As these roads are
low-volume roads, having traffic less than 1 msa (million standard axles); the influence of traffic
on the performance is not considered. In the present work, the evaluation of the optimum M&R
actions is limited to flexible pavements of rural roads at the district level. The applications of the
proposed models are to compute the minimum budget required to maintain the pavement
sections at or above the threshold level of performance during the design period. The solution
from the optimization problem can be used for planning the budget when combined with better
performance prediction models.

REVIEW OF EARLIER WORK

Maintenance is generally defined as a set of well-timed and executable strategies to ensure or
expand pavement life. Unlike heuristics and scenario-based methods for deciding M&R
strategies, optimization techniques can provide rigorous tools resulting in cost-effective
solutions, thus assisting the decision-making process and identifying solutions toward better
pavement management practices. Operation research techniques and systems methods provide a
scientific basis for decision makers to allocate the resources to maximize the benefit or minimize
the cost.

Along this line of research, a decision support system was developed to assist pavement
management agencies in M&R planning and implementation considering the road network of
Greece (2). A linear model with globally optimal solution was developed for use in management
of pavement M&R works. However, the problem of solving the pavement management problem
was restricted to only a limited number of M&R actions (3).

An integer programming model in the Oklahoma Department of Transportation was
applied for strategic planning of pavement rehabilitation and maintenance; it provided a valuable
tool for the highway agencies to manage the network (4). However, integer programming
becomes computationally intensive if it is applied to a large-scale road network, particularly with
multiperiod decisions of pavement preservation strategies. A cost-effectiveness—based integer
programming was done on a year-by-year basis for the preservation of deteriorated pavements in
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a road network with the constraints of budget limitations and required pavement serviceability
levels (5).

In yet another study, a new methodology was proposed wherein Markov transition
probabilities, genetic algorithm, and Monte Carlo simulation have been used to address the issue
of optimum decision-making and uncertainty analysis in PMSs (6). A Markovian model was
developed for maximizing highway life-cycle cost by considering optimal maintenance strategies
for roadside appurtenances over a given planning horizon (7). An integrated PMS has been
designated to provide the pavement engineers with an effective decision-making tool for
planning and scheduling of pavement M&R work (8).

Another systematic approach was formulated for the pavement maintenance management
using policy iteration method to determine cost-effective maintenance strategies (9). While a
number of different optimization techniques could be applied, the sequential nature of the
problem (repeated applications of M&R actions over different periods) renders dynamic
programming as one of the preferred approaches. A framework for a stochastic model, which is
applicable where significant uncertainty exists in the deterioration models, has also been
developed in another study (10).

The above review indicates that a comprehensive framework for the optimization of a
network-level PMS that integrates different M&R strategies duly considering the uncertainties in
the pavement performance prediction and maintenance history during the design life is needed. In
this context, to reduce the uncertainties in performance prediction models, clustering of data and
separate models for each of these clusters has not been adequately explored. To evaluate the
optimal strategies, all feasible strategies are to be considered. Global optimization of maintenance
strategies is to be performed within clusters and across different clusters. The optimal maintenance
strategies to keep the pavement sections above the desired performance levels are to be developed
for low-volume rural roads.

DATA COLLECTION

For the present study, 124 roads in the Tiruchirappalli district constructed under the Pradhan Mantri
Gram Sadak Yojana (PMGSY) scheme were considered. The surveys were conducted on all 124
roads. The length of each road ranges from 0.5 to 4 km. The data were collected yearly at every
200-m section of the selected project roads for a period of 3 years. Out of this data, for the analysis
purpose, 550 road sections were considered. The total length of road sections considered for the
analysis was 110 km. The age of the pavement sections of these roads varied from 7 to 9 years.

Extensive data on the performance of these low-volume rural roads under actual traffic,
climate, and environmental conditions were collected. These data were summarized for the
development of appropriate deterioration models and later for their prioritization in terms of
maintenance and selection of appropriate maintenance strategies. To summarize such data, several
indices were used in the past, including the pavement condition index and the present serviceability
index. In addition to using such data, this study uses a richer range of data that includes distress
parameters and drainage parameters. The pavement distress parameters include pothole, crack, and
edge break. Apart from this, to assess the drainage characteristics, additional parameters were
measured, namely the camber of the pavement; condition, slope, vegetation of shoulder; drainage
shape, side slope, and presence of silt; and cross drainage structures based on the settlement,
erosion, and closure of openings due to silt and other debris. Therefore, there is a need for



Sunitha, Mathew, Veeraragavan, and Srinivasan 97

development of appropriate indices considering the distress as well as other relevant parameters in
performance prediction, since the accuracy of the indices depends on the extent and accuracy of
relevant data.

In this study, an index referred to as the Visual Condition Index (VCI) is used; the index is
formulated using the multivariate factor analysis technique. The scale of this index ranges from
0 to 100, where a pavement section with VCI 100 ranks at the top and the section with VCI 0 ranks
the last. The weights for the different parameters are decided based on the factor loadings obtained
from the factor analysis of the parameters. The detailed procedure of data collection and computation
of VCI and its corroboration with field data are described in Sunitha et al. (11) and is not provided
here due to space considerations.

GROUPING OF PAVEMENT SECTION BY CLUSTERING

The basic unit for any PMS is a road section. The data storage and manipulation of the pavement
sections are tedious, if the road sections are considered individually. The road sections may have
varying characteristics, namely dimensions, age, traffic, location, distress conditions,
environmental factors, etc. These basic data units are to be grouped on the basis of some
homogeneity or similarity of various attributes that are considered in the analysis. For this
purpose, clustering of the road sections is done.

A nonhierarchical clustering technique was used in the present study. Due to its
simplicity, the k-means algorithm is one of the most extensively used methods in this context.
The k-means clustering algorithm is based on the concept of choosing a preliminary set of
centroids and assigning each point to the nearest centroid. In this work, the pavement and
drainage condition is used for grouping the pavement sections. The 12 attributes are crack area,
pothole area, and edge break length; the left and right shoulder condition and vegetation; left and
right side drainage slope and silting, if any; cross drainage condition (opening and settlement);
and camber. These attributes are collected from the visual condition survey for 3 years and used
in the analysis. In total, the data are obtained for 36 attributes (12 indices x 3 years) for each of
the 550 road sections used in the analysis.

In the k-means clustering method, the number of clusters are to be specified a priori. In
this work, the number of clusters is decided based on two criteria:

1. Minimizing within class variance or maximizing between class variance of clusters.
2. Minimum number of sections in any class should not be less than 5% of the total
sample to ensure adequate sample size in each class.

The k-means clustering was done for a number of classes varying from 2 to 10. Based on
the above two criteria, the number of clusters in k-means was determined to be five clusters, and
these five clusters are used for further analysis in the development of pavement deterioration
models in a subsequent section. The clusters are numbered as 1 to 5 according to the size of the
cluster. The cluster composition of these five clusters is shown in Table 1, which specifies the
average and the maximum distance from the centroid of the clusters. Among the five cluster
groups, Cluster 1 consists of 150 sections; Cluster 2, 148 sections, Cluster 3, 127 sections; Cluster
4, 97 sections; and Cluster 5, 28 sections. Within-group variance of these five clusters varies from
12.312 to 28.872. The detailed explanation about k-means clustering is given in this paper (12).
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TABLE 1 k-means Clusters Composition

Cluster 1 2 3 4 5
Within-group variance 20414 | 12.670 | 12.312 | 28.872 | 25.515
Minimum distance from centroid 2.077 1.835 2.140 3.203 2.673
Average distance from centroid 4.357 3.453 3.382 5.218 4.651
Maximum distance from centroid 7.534 6.184 6.618 8.213 9.468
Class size (no. of sections) 150 148 127 97 28
Class size (%) 27 27 23 18 5

PAVEMENT DETERIORATION MODELS

The prediction of pavement condition is essential in any PMS. Models like regression, Markov,
stochastic-empirical, etc., have been used by the researchers to predict the performance of
pavement sections. In this work, multiple linear regression technique is used for modeling.
Separate linear regression models were developed for the different cluster groups. To compare
the effect of clustering on the deterioration models, a common deterioration model is developed
for all the pavement sections without clustering. The general form of the equation is as given in
Equation 1.

VClIni = B2VCln- i + Prageni + Po (1)
where
VCIni = VCI of the pavement section i in Year n,
Cln-ni= VCI of the pavement section i in Year (n — 1),
ageni = age of the pavement section i in Year n,
B2 = coefficient of VCI of the pavement in previous year,
B1 = coefficient of age of the pavement section, and
o = constant.

The coefficients Po, B1, and P2 obtained for the model for clusters and nonclustered data are
shown in Table 2.

TABLE 2 Deterioration Model Coefficients for k-means Clusters

Bo (Const.) B1(Coeff. of age) P2 (Coeff. of VCL,;)  R?

Clusters
1 —0.395 —1.247 1.020 0.724 | <0.0001
2 —1.524 —0.972 1.029 0.823 | <0.0001
3 —7.055 —0.566 1.062 0.737 | <0.0001
4 2.155 ~1.225 0.908 0.737 | <0.0001
5 5.159 ~1.043 0.927 0.813 | <0.0001
Nonclustered Data

| —5.635 —0.503 | 1.001 | 0.801 | <0.0001
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Significance Test for the Cluster Models

From Table 2 in the previous section, it is seen that the cluster and nonclustered models are
different as their coefficients are varying. To test the significance of this difference, the
following F-test has been conducted:

RSSp—RSS, RSS,

- (555599 :

cal Dc—Pnc / n=Pc ( )
where
RSSnc = residual sum of squares for noncluster model,

RSSc = residual sum of squares for all the cluster models,

pnc = number of parameters used in nonclustered model,
pc = number of parameters used in cluster models, and
n = total number of observations.

The critical value is calculated for 95% level of confidence. For rejecting the null
hypothesis, F calculated should be greater than the F critical value.

The residual sum of squares (RSS) obtained for the k-means cluster models is shown in
Table 3. The sum of RSS obtained for all the five k-means cluster is 21554. The RSS value for
the nonclustered model is 58451. The F calculated value is 155, and the F critical value is 1.761.
This implies that the k-means cluster models are significantly better model than the noncluster
model.

5845121554 21554
Fear = ( 15-3 )/(1100—15) =155 (3)
Feri12, 1085,0.05) = 1.761 4)
Feal > Feri (5)

From the model coefficients and the significant test results, the need and importance of
clustering of road sections is highlighted. The deterioration models would enable development of
optimal scheduling of the rehabilitation activities and to determine the funding level required to
achieve a desired level of performance in the next section.

TABLE 3 RSS for k-means Cluster Models and Noncluster Models

k-means Cluster RSS

1 7188
2 1817
3 3173
4 7167
5 2209
Total 21554
Noncluster 58451
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FORMULATION AND SOLUTION OF THE OPTIMIZATION MODEL

The focus of this work is to develop decision support models for maintenance management of
low-volume rural roads. Specifically, a new approach to compute the optimal timing and type of
M&R actions using performance prediction models considering cluster-based and noncluster-
based approaches is studied.

In this optimization problem, decision variables (timing and type of maintenance
treatments) are integer values, and hence the optimization problem is formulated as a mixed-
integer programming problem. The problem features and constraints are modeled through
suitably specified directed network and solved using the General Algebraic Modeling System
(GAMS) software. The above pavement performance prediction models are used to evaluate the
condition of the pavement.

Problem Features

The important features of the proposed optimization problem are the finite horizon as well as
consideration of the cluster to which each section belongs. An appropriate deterioration model is
considered for the prediction of the performance of the respective cluster of the study section. All
feasible combinations of strategies are to be considered so that the solution is global optimum.
The results of the optimization model should also differentiate the effect of cluster-based
deterioration models. Thus, the proposed methodology addresses several limitations of some
pavement performance prediction models in practice.

The common optimization problem objectives specified by different agencies include the
following:

1. To minimize the present worth of overall M&R expenditures over the planning
horizon,;

2. To minimize road-user costs by selecting and programming M&R activities to reduce
disruption and delays to traffic; and

3. To maintain the highest possible level of overall network pavement condition with the
resources available (13).

It is also possible to combine two or more of these objectives by assigning an appropriate
weight factor to each objective.

In this work, the optimization approach for the maintenance strategies is studied to
minimize the budget required for maintenance to keep all the pavement sections above the
threshold condition index level. Generally, the optimization of the maintenance strategies can be
considered for two scenarios. The first scenario is referred to as the Necessary Fund Model and
the second as the Budget Bound Model. The first one is to minimize the budget required for
maintaining all the pavement sections above the threshold condition index level. The second
scenario is to maximize the benefit area under the budget constraint. In the current study, NFM is
elicited.

In NFM, the funds needed to ensure a desired condition level of all pavement sections
with minimal cost are considered.
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Objective Function

The objective function in Equation 6 is to minimize the total maintenance cost during the
analysis period.

Minimize ¥} %1 3 C;len; Y,,;; (6)
where
n = year in the analysis period,

pavement section;
M&R strategies (do nothing, patch work, surfacing, and rehabilitation);
Ci = costof M&R action j per lane-km (million Rs);

N
|

leni = length of the section in km;

Ynij = Dbinary indicator variable (decision variable) indicating whether action j is selected in
Year n for the pavement section I; and

Ynij = 1, if action j is applied to a pavement section i in Year n; 0, otherwise.

As the study roads considered are the low-volume rural roads, the maintenance options
considered are routine maintenance (crack sealing and filling, pothole patching, earthen shoulder
dressing, drain desilting, etc.), periodic maintenance (surface dressing or chip seal), and
strengthening (minor rehabilitation). During the patch repair work, the cracks are sealed or filled
and the potholes are filled. The surface dressing (chip seal) is considered to be a resurfacing
treatment and will not strengthen the pavement. The rehabilitation action includes laying
granular base course layer and providing a thin (20 mm) pre-mixed carpet bituminous layer with
seal coat as the surface course. The rehabilitation work includes the routine maintenance. For the
analysis, the costs of the maintenance actions considered are given in Table 4.

In the necessary fund scenario, the strategy with minimum maintenance cost is chosen
from all the possible alternatives. The maintenance cost is the total cost of maintenance required
for keeping all the pavement sections above the threshold VCI level specified in the constraint.
The threshold value of VCI can be varied according to the need and the budget availability. The
maintenance cost is considered for the entire analysis period. The objective function is subjected
to constraints specified in the following section.

TABLE 4 Cost of M&R Activities
(Source: Schedule of Rate, Rural Roads Department, Tiruchirappalli district, 2018)

j Action Unit Rate (per lane-km) in Million Rupees
DN Do nothing 0
PA Routine maintenance 0.15
SU Periodic maintenance 0.7
RE Rehabilitation 2.0
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Constraints
Non-Negativity and Definitional Constraints

Ynij is the decision variable. It is a binary variable that is equal to 0 or 1 (Equation 7). If the
particular action or the maintenance strategy is selected, the Ynijis 1, else it is 0.

Yy 20, Y, is a binary variable equal to 0 or 1. (7)

In each Year n, at least one action (including do nothing) and at most one action will be chosen
for each of the pavement section. That is, the total Ynij should be equal to 1 for each of the
pavement sections in each year.

Z; Y,ij = 1forallnand i (8)

Age of Pavement

When a rehabilitation action is applied, it is assumed that the pavement is likely to perform like a
new pavement. Therefore, the age of the pavement is reset to zero immediately after a
rehabilitation action as follows:

age(+1)i = ageni + 1, if action j in Year n is other than rehabilitation. 9)
agem+ni = 1, if action in Year n is rehabilitation. (10)
Analysis Period

The optimization was done for short-term planning. The design life adopted for the PMGSY
roads are 10 and 15 years. So the analysis period has been limited to 5 years in the present study.

VCI After M&R Action

The performance of the pavement will be improved due to the implementation of maintenance
actions. The VCI of the pavement after maintenance actions (E) will be higher than the VCI
value before the treatment. The VCI of the pavement after maintenance action is the quantified
value of the increase in pavement performance after the treatment. The models were developed
to predict the VCI value after the maintenance treatment viz., routine maintenance and
resurfacing. The pavement data were collected where the M&R actions of routine maintenance
and resurfacing were carried out. The VCI of the pavement sections before and after
maintenance treatments have been found out. A linear regression equation is fitted between the
VCI value before and after the treatment for the different treatments viz., routine maintenance
and resurfacing separately. For rehabilitation, as thick granular base with a thin bituminous
surface course is provided; it is assumed that the VCI will reach 100. The models for the various
maintenance actions are shown in Table 5.
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TABLE 5 Models for the VCI After M&R Actions

j M&R Actions | Model for E
DN Do nothing Enij = VClyj
PA Patch work Enij =25+ 1.05VCly;;
SU Surfacing Enij =545+ 035VCly;
RE Rehabilitation Enij =100

where

Enij = VCI of the pavement section i in Year n after maintenance action.

Deterioration Models

The general form of the deterioration models adopted for the optimization is given in Equation 1.
The deterioration models will be chosen according to the cluster to which the pavement section
belongs. A separate model is framed for the nonclustered data. The program is run separately for
clustered and nonclustered data for comparison of the results.

Number of Maintenance Actions in the Analysis Period

The number of rehabilitation actions in the analysis period is limited to 1 (i.e. rehabilitation is
provided only once in 5 years). There is no restriction imposed for other maintenance actions.

Minimum and Maximum Pavement Condition

The minimum and maximum values of VCI before and after M&R actions (Enij) are 0 and 100,
respectively. The maximum VCI value after maintenance is limited to 100. The minimum value
of VCI after deterioration is 0.

Epnij >0, Ep;j< 100 (11)
VClL,;; >0, VCly;; <100 (12)
Threshold Value

The minimum value of VCI after M&R action is denoted as T. The pavement condition at any
stage after maintenance should be above or equal to the threshold value.

Enij 2T (13)
The above mixed-integer optimization problem is solved using GAMS software. The

problem has been solved with cluster models and noncluster models. GAMS is a software
package for numerical optimization of the following types (14):
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Linear programming problems;
Quadratic programming problems;
Nonlinear programming problems;
Mixed-integer problems; and
Deterministic optimal control problems.

In this work, the CPLEX solver was used because of its efficiency in solving mixed-
integer programming problems (15).

SOLUTION OF NECESSARY FUND MODEL SCENARIO

The NFM analysis was done using noncluster models and with k-means cluster models. NFM
considers the objective of minimizing the total maintenance cost of all the sections for 5 years of
analysis period with the constraints specified.

The concept of NFM is illustrated as follows:

Consider a pavement constructed in 2008 that belongs to Cluster 1 of the latent class
cluster group. In the first year (at the age of 3 years), the VCI value of a section was 74. The
length of the pavement was 0.200 km.

1. The threshold value of the pavement is kept as 80, i.e., the condition of the pavement
after treatment should be above 80. In Figure 1, dotted red colour line represents the threshold
value.

FIGURE 1 Sample performance curve for NFM.
(DN = do nothing, PA = patch work, SU = resurfacing.)
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2. At 3 years of age, VCI of the pavement was 74. To keep the VCI above 80, M&R
action of resurfacing is suggested, which improves the VCI after M&R action to 80.

E; = 54.5 + 0.35 * 74 = 80 (14)

Refer equation for j = SU, in Table 5.
3. The E3= 80 at age 3 deteriorated to VCI 78 in the next year (n = 4). The deterioration
model for latent class cluster — 1 is adopted for the estimation of VCI.

vcl, = —5.060 — 1.000 x 4 + 1.085 x 80 = 78 (15)

Refer model for Cluster 1 in Table 2.
4. To maintain the pavement condition above VCI 80, the M&R action of patch work is
adopted at n = 4.

E, = 2.5+ 1.05 = 78 = 84 (16)

Refer equation for j = PA in Table 5.
5. Atn =35, the pavement deteriorates to VCI = 81 only which is above the threshold
value. So at n =5 there is no treatment (do nothing).

VCls = —5.060 — 1.000 x 5 + 1.085 * 84 = 81 (17)
Es; =81

Refer equation for j = DN in Table 5.

6. Similarly, the VCI and the VCI after M&R actions has been calculated for the rest of

the period. To maintain the pavement condition above 80, at n = 6 and 7, M&R action of patch
work is applied.

VCI, = —5.060 — 1.000 X 6 + 1.085 * 81 = 77 (18)
E, = 2.5+ 1.05 » 78 = 84 (19)
VCI, = —5.060 — 1.000 X 7 + 1.085 * 84 = 79 (20)
E, = 2.5+ 1.05 79 = 85 21)
VClg = —5.060 — 1.000 X 6 + 1.085 * 85 = 79 (22)

The performance curve for the particular pavement section is shown in Figure 1. The
maintenance cost is calculated depending on the M&R actions.
For this pavement section,
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C = (CSU+CPA+CDN+CPA+CPA) Xlen (23)
= (0.70 + 0.15+ 0 + 0.15 + 0.15)Rs.million/km x 0.200km
— Rs.0.23 million (24)

Rates adopted are as given in Table 4.

In NFM, the aim is to keep the pavement section above the threshold value throughout
the analysis period. The results of the optimization problem with the threshold value of 80 for all
the pavement sections are discussed. The threshold value 80 means, the VCI of all the pavement
sections should be greater than or equal to 80, i.e., all the pavement sections should be in very
good condition. The optimal maintenance strategies will be chosen based on the above objective
with the constraints. The minimum budget required for maintenance of the pavement sections in
very good condition is given in Table 6. The optimization results for noncluster models and
cluster models vary. This variation is due to the difference in the deterioration model coefficients
of noncluster and cluster models.

The minimum budget for 110 km obtained using noncluster model was Rs. 238.45
million. For cluster models, the minimum budget was Rs. 202.64 million. That means the
minimum budget required per kilometer of the road section for 5 years is Rs. 2.17 million per km
for noncluster model and Rs. 1.84 million per kilometer for cluster models. The minimum budget
required for cluster models is much lower than the noncluster model, which shows a reduction of
15% for k-means cluster. The results reflect that the minimum budget requirement varies, when
more accurate cluster-specific deterioration models are used. The budget required for the
maintenance strategies in each year for various cluster and noncluster models are shown in
Table 7. It can be seen that the budget required in the first year is Rs. 174.92 million (73%)
considering noncluster data and Rs. 184.69 million (91%) considering cluster data. As can be
seen in the Table 7, the budget required is reducing over the years. This also shows the
implication of investing more money in the earlier stage of the service life of a pavement section,
which will reduce the fund requirement subsequently. In other words, budget required per
kilometer in the first year is Rs. 1.59 million per kilometer and Rs. 0.03 million per kilometer in

TABLE 6 Minimum Budget Required for the Threshold Value of 80

Minimum Budget

% Variation of Budget with

Deterioration Model Type

Noncluster models

(Million Rs.)
238.45

Noncluster Model

k-means cluster models

202.64

15.02

TABLE 7 Budget Required in Each Analysis Period for the Threshold Value of 80

Yearwise Budget for Various Deterioration Models (Million Rs.)

Analysis Year Noncluster Models k-means Cluster Models
1 174.92 184.69
2 43.39 6.62
3 12.95 4.23
4 4.14 4.11
5 3.05 2.99
Total 238.45 202.64
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the fifth year for noncluster models. Similarly, using cluster models, the budget required for the
first year is Rs. 1.68 million per kilometer and Rs. 0.03 million per kilometer in the fifth year.

CONCLUSIONS

In the present study, a decision support system has been developed for the optimal maintenance
management of rural road network. A new index is formulated considering the distress and
drainage condition data. Separate deterioration models are developed considering the various
clusters formed by k-means clustering technique. Different M&R strategies were considered for
the different pavement sections. Separate performance prediction models were developed for
each of the k-means clusters and the latent class clusters. A general model was also developed
for all the road sections without clustering. The coefficients obtained for the cluster models and
noncluster models are found to be significantly different. The above finding highlights the need
and importance of clustering of road sections for maintenance management instead of
considering universal performance prediction models.

The results obtained for the NFM to ensure that all the pavement sections have a a
threshold VCI value of 80 and above, show that the budget required for the k-means cluster is
15% lesser than the budget required for a noncluster-based model. Thus, the minimum
maintenance required and the associated cost to keep the pavement in specified condition was
found to decrease if cluster models are used. In the analysis of M&R strategies, the budget
needed for the first year is 73% for noncluster-based models and 91% for cluster-based models.
In the subsequent years, the budget required is less. This implies the benefits of early
maintenance. The pavement can be kept in good condition by investing more funds in the early
service life, which will ensure good structural adequacy and will result in improved performance
and lower maintenance cost during the remaining service life.
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Low-Volume Roads in Québec, Canada
Impact of Decommissioning on Sediment Yield
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INTRODUCTION
Rights-of-Way and Low-Volume Roads

On Québec’s public land, water management is an important part of road planning. There are
approximately 400,000 km (250,000 mi) of roads and an average density of 1.2 stream crossings
per kilometer (2/mi) (1). A large proportion of these roads are low-volume roads constructed by
energy or forest-harvesting companies. Those roads are used intensively during a short period
and are no longer needed except for maintenance or vegetation control. In some regions, time
before next usage can go up to 10 years. In Québec, regulatory norms for those roads are the
same as for every road on public land. While there are many norms regarding construction, there
is a lack of norm regarding maintenance of the roads once the activity for which they were built
is over. It has caused a number of low-volume roads to be abandoned over time.

A recent study conducted on 13 watersheds has shown that only 21% of the roads present
were properly maintained (2). When vegetation naturally grows back, this lack of maintenance
can become an accessibility issue for local users. In other cases, it can lead to erosion and
washouts. The major problem appears when sediments washed out from undermaintained roads
reach the hydrographic network. Because stream crossings are the contact point between roads
and streams, they are hot spots for sediment input. The same study revealed that, unfortunately,
54% of stream crossings were in a mediocre state or worse (2).

Impact on Aquatic Habitat

Poorly maintained stream crossings are a threat to aquatic habitats because they can cause
obstruction of the stream and become barriers for fish passage (2-5). Another common problem
with stream crossings in Québec (mainly culverts) is that they often become sites for beaver
(Castor canadensis) dam construction. These dams can cause failure of the stream crossings and
flooding of the roads and can lead to significant washouts. Massive inputs of sediment to the
stream can be harmful for fish by smothering spawning beds and macroinvertebrates on which
they feed, causing mortality in species such as brook trout (Salvelinus fontinalis) and Atlantic
salmon (Salmo salar). In the same way, siltage of stream beds can impact other aquatic
vertebrates such as salamanders (4).
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Rather than abandoning those roads, some managers deliberately choose to close them
permanently by removing all stream-crossing structures. However, other users continue to cross
the stream without proper infrastructure, causing erosion and sediment input to the stream (6). To
address this problem, decommissioning of low-volume roads using improved fords is being
considered. Improved fords are structures where the banks and bed of streams are stabilized with
rocks to provide a stable driving surface so that vehicles can cross directly on the streambed.
Improved fords were selected for this study because their construction is simple and low cost,
they require minimum maintenance, and they represent low environmental risks while
maintaining access to the territory. While informal monitoring has been conducted to assess the
impacts of improved fords on water quality and many best management practice (BMP) guides
are available in the United States on how to build these structures, not many scientific data exist
regarding real impacts of improved fords.

Objectives of the Study

That is why four researchers from two Québec universities and two energy companies (Energir
and Hydro-Québec) have put together a study team. This team’s main goal is to measure the
impacts of decommissioning low-volume roads compared to traditional management methods.
To do so, the research project is divided into four main objectives:

Develop a method for designing improved fords using hydraulic modeling;
Measure the impact of improved fords on sediment input;

Measure the impact of improved fords on fish passage; and

Make an economic analysis of decommissioning as a management method.

=

The ultimate goal is the production of a BMP guide that will help to implement
decommissioning as a management method on low-volume roads in Québec.

The experimental designs for Objectives 3 and 4 are still being refined, and the first data
will be acquired in 2019. A brief summary of Objective 1 concerning fords design is being
presented. But since a lot of information is already available on BMP for construction of fords,
this paper focuses on Objective 2, which addresses the impact of improved fords on sediment
input to the stream. It is divided into two objectives: (1) measure sediment input from vehicle
crossing and (2) measure sediment input from construction of the improved ford.

METHODOLOGY

At present, four stream crossings have been selected for the study. They are located in Pessamit,
a First Nation reserve in Cote-Nord, Québec. On each site, there used to be a culvert that got
washed out due to natural deterioration, beaver dam construction, or high flow. They are located
on watersheds varying between 4 and 20 km? (1.5 and 7.7 mi?). Study sites were selected
according to water depth (max. 50 cm), river width (max. 8 m), and proximity to usable road
network. Local residents used the site to cross the stream regularly without any stabilization of
the river bed or banks. Improved fords have been constructed between October and November
2018. Figure 1 and Figure 2 show two of the sites before and after construction.



Gilbert, Larocque, Ferland, and Jutras 111

Design of the Improved Fords

For Objective 1, hydraulic modeling using HEC-RAS software was performed in order to design
the improved fords. The diameter of the rocks used and the length of riprap was determined by
the shear force of the flow with a recurrence period of 10 years at the location of the crossing.
Streambed level after construction was designed to be lower than the initial streambed level to
ensure fish passage even in low-flow periods. The rocks used were clean and angular.
Construction work was done in less than a day for each crossing and only required an excavator
and a dump truck to get the material on site.

FIGURE 1 Site 51 before and after construction work, August 2018 and October 2018.

FIGURE 2 Site 101+100 before and after construction work, November 2018.
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Measurement of Sediment Input

To measure sediment input from improved fords, two things are taken into account: sediment
input from vehicle crossing and sediment input from construction of the structure itself. Passage-
induced sediment was measured before construction (on natural ford) and will be measured after
construction (on improved fords) in summer 2019. The methodology used is the same for both
cases.

On each site, a water depth sensor (KPSI 710S) was placed at the bottom of the stream
taking readings every minute. A cross-sectional profile of the stream was made using a high-
precision altimeter (Ziplevel PRO-2000). Flow velocity was measured using a portable velocity
meter (Hach FH950). Water flow was then computed.

Turbidity sensors [Analite NEP9510 (0-5000 NTU)] were installed upstream and
downstream from the crossing, taking readings every second. The median value was computed
for every minute. Water samples were taken manually close to the sensors at different turbidity
values. On each site, 30 water samples of 500 mL were taken downstream from the stream
crossing and 10 were taken upstream, where variability is minimal during construction time. An
automatic water sampler (ISCO 6712) also took 500 mL samples every 5 min during
construction to ensure that samples were taken at a gradient of turbidity values.

Water samples were later filtered using 0.7 pm filters (Millipore) and dried (at 65°C for
48 h). Total suspended sediment (TSS) were weighed to get TSS concentration for every sample.
A regression between turbidity and TSS concentration will be calculated. Total induced sediment
load for the duration of the construction work will be calculated using the method described in
Lane and Sheridan (7) and Lewis and Eads (8).

CONCLUSION

Results obtained will be used to compare sediment input from vehicle passage on natural and
improved fords. Sediment load associated with the construction of the improved fords will also
be compared to sediment input from washouts on abandoned roads to compare each management
method’s impact on the aquatic ecosystem. Data from summer 2018 are still being analyzed, and
more data will be acquired in 2019 to draw conclusions that are more representative. Thus, no
results are available for publishing at the moment.

For now, data have been collected on sites where environmental damage had already
occurred due to the washout of culverts and road material. Of course, the ultimate objective of
the project is to be able to think ahead and implement alternative stream crossings in the
planning stage of every road construction project. For the years to come, the research team will
focus on measuring the impact on sediment input of a combination of temporary bridges (for the
intensive use period) and improved fords (for low-volume traffic). This will help build a new
long-term vision of road management in Québec.

This research project is a unique partnership opportunity for energy companies,
universities, and provincial and federal government involved. It also has led to the formation of
five graduate student programs in water management methods, which is of direct interest for the
industry. Results obtained will help improve management methods in Québec’s public land
while taking into consideration operational constraints and environmental impact. We thank our
partners for their expertise and support.
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For any insights, recommendations, or questions, please do not hesitate to contact us at
Karelle.gilbert.1@ulaval.ca.
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Nuggets from Minnesota’s Research, Implementation, and
Deployment of Pervious Concrete in Low-Volume Roads

BERNARD IGBAFEN IZEVBEKHAI
Minnesota Department of Transportation

n a series of research and implementation initiatives, Minnesota Department of Transportation
(DOT) constructed various pervious concrete test cells and monitored their strain, acoustics,
ride quality, and hydraulic conductivity at MnROAD research facility. Subsequently, Minnesota

DOT constructed a boat ramp in Detroit Lakes, while City of Shoreview constructed 3,200 ft of
city streets with full-depth pervious concrete. The MnROAD Test cells were instrumented with
strain gauges, thermocouples, watermarks, and maturity data-loggers whose information was
loaded directly to a database. Early results facilitated improvement in subsequent mix design and
maintenance practices. Mechanical and durability properties exhibited statistically significant
difference from normal concrete. This research also accentuated the detrimental effects of
clogging on mechanical and acoustic properties. The city streets provided higher benefit—cost
ratio than the conventional asphalt option with drainage infrastructure. The Detroit Lakes boat
landing and filtration system is still providing its design function to the community after 10 years
without any visible distresses. Certain acoustic properties and ride quality were successfully
restored and improved by diamond grinding of one of the MnROAD Test cells. This paper
establishes the adequacy of pervious concrete for local roads when the subgrade soils are
granular and when adequate proactive maintenance is performed.

INTRODUCTION
Background

Sandberg (1) defines pervious concrete as one in which the porosity is the higher than 18%,
where semipervious pavements exhibit porosities of 15% to 18%. Functionally, a pervious
concrete contains a matrix of communicating voids in a nonsegregated distribution of cavities
that allows downward and lateral flow of water through them. Whereas porosity is employed in
the definition of pervious concrete, the tortuosity, which is a function of the actual void
distribution and the imparted aggregate configuration, has additional influence on the flow
properties of the media. Consequently, a gravimetric evaluation or definition of pervious
concrete placing the density at 1001b/ft> to 1251b/ft* must be complemented by a description of
the communicating voids either directly or by proxy, through acoustic properties. Voids are
described as communicating when they are at such optimal distances and of such optimal size
that tortuosity is minimized without compromizing intergranular bond. The porous structure can
attenuate acoustic impacts by diffraction of incident sound at the surface and through multiple
reverberations within the cavities. Certain watersheds had instituted limits to the percentage of
stormwater allowed into certain lakes and rivers. Since pervious concrete pavements exhibit high
hydraulic conductivity, they were deemed suited for certain local or low-volume roads (LVRs)
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where they also provide cost savings through the minimization of hydraulic structures. Pursuant
to this challenge, the Aggregate and Ready Mix Association of Minnesota collaborated with
Minnesota DOT to initiate studies on pervious pavements to facilitate quick deployment. This
led to a series of research initiatives (2-5). This paper thus catalogues the previous research
initiatives and discusses monitoring in the test cells. Low-noise characteristics are among the
merits of pervious pavements (1).

Synthesis

At the incipient stages of pervious pavement mix designs and structural designs, it was regarded
as no-fines concrete. The initiatives that were built at the time by others and up until the pervious
driveway at MnROAD (Cell 64) and the pervious sidewalk were characterized by zero fine
aggregate content (2). Subsequently it was opined that the fine aggregate may increase the paste
strengths between cavities and around aggregates (3). This led to the use a gravimetric 6% sand
in the mix design of the Local Road Research Board—initiated MnROAD Test cells in 2008 (5).
Additionally, the pervious overlay had in addition to 6% sand content some cellulosic fibers and
polypropylene fibers. The former actually deployed nanoscopically into the mix, while the
polypropylene provided fiber reinforcement of the paste. These additions were believed to have
strengthened the intergranular bonds and the interfacial bond with the substrate. Evaluation of
rheological properties went through series of developments, while agencies used the nuclear
backscatter method for in situ density evaluation. In a closely packed aggregate system, if the
aggregates and surrounding mortar are idealized as spheroidal and of a single radius r, it can be
shown that the optimum packing efficiency as of a body-centered cubic approximates to 75%.
Maximum porosity is thus 1-0.75 which is approximately 25% when voids are communicating.
Additionally, Neithalath (6) showed that beyond that optimum void content there may be a
reduction in strength. Izevbekhai (7) showed that if y is the bulk density of a porous layer and ynp
is unit of a nonporous layer, consider a unit volume of the pervious matrix it can be shown that

Yy (Vv+Vs+Ve)=vynp(Vs+Ve)=ynp (1l +Vv) (1)
where
Vv = volume of porous cavities,
Vs = volume of solid, and
Ve = volume of entrained air.
Since Vv + Vs + Ve = 1, then bulk density y = ynp (1 — Vv). Consequently,

Porosity (n) = Ve + Vv from where Porosity (n) = (1 — (y ry np)) + Ve (2)

The unit weights are determined from the nuclear density backscatter method, and Ve is
estimated from the specified entrainment A proportioned to the solid matrix alone (ynp /7),

Ve = (ynp /y)A and consequenttly n = (1 — (Y ry np))+ (Y 7y np) A (3)
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Thus, porosity is important, but is more predictive of hydraulic conductivity when construction
practices minimize segregation and poor mixing. Metamorphosis has occurred also in the
measurement of hydraulic conductivity. Initially, a sand cone device was used by researchers at
MnROAD, but subsequently many practitioners developed single- and double-ring infiltrometer
(2, 3). Minnesota DOT developed a valve-less infiltrometer, which was later modified to a valve-
controlled falling head “Perveammeter” (5). Along with the Perveammeter, the term “dissipated
volumetric rate” (DVR) was also developed by MnROAD researchers as a measure of hydraulic
conductivity based on the dimensions of the tube (8). The challenge to measure acoustic benefits
led to the acquisition and modification of an impedance tube for sound absorption measurements.
Analyzing the principle behind the impedance tube (5), the following can be shown:

P(f) |?
. 4
Pa(f) )

Ry(DI* =1~
where

K: = spreading factor,
P: = reflected energy, and
P4 = incident energy.

The output of a sound absorption coefficient is typically in the form of the sound
absorption at any of the seven one-third-octave-frequencies.

Objectives

This paper discusses the various pervious concrete initiatives and the resulting implementation
initiatives in Minnesota between 2005 and 2017. It describes the technologies employed in
monitoring these test cells and test sections and discusses the various performance variables that
characterized the monitored test cells.

RESEARCH SIGNIFICANCE RESEARCH INITIATIVES
Research Significance

Whereas the body of knowledge on pervious concrete had addressed mix design construction
issues, there is a conspicuous paucity of long-term performance analysis and a correlation of
such performance to rheological mechanical and environmental variables. There is also a dearth
of actual trafficked pavement sites. Pursuant to this, some comparative analysis between
pervious and nonpervious concrete (built at the same time) is performed. A discussion of long-
term performance of test cells and built infrastructure is provided. Pervious pavements are
primarily designed to facilitate stormwater infiltration and noise reduction. However, these
benefits are constrained by clogging of the pores. It is easy to perform in situ hydraulic
conductivity and acoustic measurements to ascertain the hydrologic and acoustic health of
pervious concrete. Consequently this research takes a holistic approach: research implementation
and long-term performance.
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MnROAD Research Facility

The MnROAD mainline consists of a 3.5-mi 2-lane Interstate roadway carrying live traffic. The
mainline consists of various pavement designs constructed in 1993, but currently has 70 test
cells. Parallel and adjacent to the mainline on Interstate Highway 94 is the LVR, a 2-lane, 2.5-mi
closed loop where traffic is restricted to an operated 80 kilo-pound 18-wheel, 5-axle-
tractor/trailer making 80 laps a day for 5 days a week.

Pervious Concrete Driveway MnROAD Cell 64

Cell 64 was constructed in late September 2005 in a partnership agreement with MnDOT and the
Aggregate Ready Mix Association of Minnesota. Although detached from the MnROAD
mainline and LVR, Cell 64 is a part of the overall MnROAD facility. It is located on the south
side of the MnROAD pole barn, cut out of a bituminous parking lot. A 60-ft by 16-ft test cell
surrounded by a 2-ft concrete curb on all sides, this cell was designed for an anticipated 23% air
and zero-slump. A special roller vibrator (Figure 1) was used during placement to avoid bleeding
and loss of porosity. An L-shaped 4-in. perforated pipe enclosed within an aggregate filter
collected the infiltration and facilitated volumetric evaluation of infiltration discussed by various
authors (3-5). The final iteration of this infiltrometer known as the Minnesota DOT
Perveammeter is shown in Figure 6. It was loaded two repetitions per day, 5 days a week by the
80 kilo-pound 5-axle semitrailer. The pervious concrete driveway was subsequently monitored,
but most of the driveway became irredeemably clogged after 4 years of no vacuuming (2).

Pervious Concrete Test Cells

Cell 85 and Cell 89 were full-depth pervious concrete test cells on granular subgrade and
cohesive subgrade respectively. The mix was designed with a porosity between 15% and 18%,

FIGURE 1 MnROAD pervious concrete driveway: placement and motorized screed
compaction of pervious driveway.
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unit weight less than 135 pcf, and 7-day flexural strength of 300 psi. Construction began on
October 17, 2008, using fixed form pavers and roller screed. Each cell was instrumented with
vibrating wire static strain gauges, maturity sensors, thermocouples, and water marks at various
depths to detect strain, maturity, and freeze—thaw cycles. The difference between the two cells is
the full infiltration scenario with a granular subgrade in Cell 85, and a detention system with the
cohesive subgrade in Cell 89 (Figure 2). The pervious pavement in both cells is 7 in. thick, over
4 in. of railroad ballast and 12 in. of a gap-graded base. It is noted that in order to accommodate
paving traffic, the 4-in. railroad ballast had been placed in replacement of a 4-in. undercut from
the 12-in.-thick 1-in. nominal-sized single-graded porous base.

The cell was allowed to cure for 28 days after using a biodegradable curing compound
called “Confilm” and two layers of polyethylene sheeting. Prior to construction, subsurface
exploration revealed an aquiclude 32 ft from the surface at the west end of the two test cells to be
constructed. This tapered rapidly to the east end of the test cell, where the same aquiclude made
up of very dense clay was only 3 ft from the surface. Test Cell 85 was therefore built as it were
over a granular subgrade, while Test Cell 89 at the east end was built over a clay subgrade. The
concrete mix design was common to both cells made up of granite aggregate and 6% sand to
enhance bond. This was preceded by the placement of 6-in. curbs with 10-ft joint spacing that
was adopted in the pervious concrete as well, using a tooled joint indentation made over the
layers of polythene sheeting after the application of biodegradable curing compound. Mix design
and other materials specification details were copiously presented in a detailed report (5). These
test cells were monitored for 9 years and ultimately were replaced for other experiments in 2017.
Monitoring and observations are discussed in a subsequent section.

Pervious Overlay

This initiative built a 4-in. pervious concrete over a pre-existing nonpervious concrete substrate
and constructed french drain shoulders to allow for lateral drainage as MnROAD Cell 39 in
2008. The concrete industry, through the Concrete Pavement Technology Center, had proposed
this as a low-noise overlay solution. The mix design consisted of 3/8-in. granite aggregates 6%
sand and for further bond enhancement polyproylene and cellulosic fibers (9). Until the
pavement was replaced in 2017, it received many repetitions of LVR traffic and experienced

FIGURE 2 Cross-section through full-depth pervious test Cells 85 and 89.
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gradual debonding from the substrate, but no longitidinal cracks as in the full-depth cells. During
paving, the screed introduced 10-ft scallops that presented as poor ride quality. The surface was
diamond ground in 2013 and showed marginal improvements in acoustics in the environmental
lane, but measurable improvements in the traffic lane. Both environmental lane and traffic lane
experienced tremendous ride quality and hydraulic conductivitty improvement.

DEPLOYMENT AND OBSERVATION

Deployment initiatives included the MnROAD sidewalk, the City of Detroit Lakes boat landing,
and the City of Shoreview City streets. The Minneapolis cul-de-sac project preceded the mix
design and monitoring technology developments and traveled extensively after the first winter.
The raveled material clogged the pores that were never vacuumed. That was another example of
the potential for irreversible clogging if vacuuming is not initiated early.

MnROAD Pervious Sidewalk

A sidewalk with various pervious mix designs was placed at the MnROAD facility in 2006. This
sidewalk provided a basis to examine aggregate types, sand versus no-sand and the use of fibers.
It ignored excavation to remove unsuitable soil and represented minimal efforts homeowners
would make to build sidewalks. The only removals were to the bottom of the pervious aggregate
base. This initiative created the improvements of pozzolanic substitution and addition of 6%
sand. However some deployment in the form of an industry-conceived and -built sidewalk at the
same research facility had preceded this mix design improvement. The driveway consisted of 4-
in. pervious concrete over 8-in. pervious CA 50 base. CA 50 consists of 1-in. single-sized
aggregate. There were six segments of the sidewalk. Segment 1 (12 ft long) consisted of pervious
concrete made from limestone. Segment 2 (21 ft) was made pervious concrete containing gravel
aggregates. Segment 3 was made up of pervious concrete from 3/8-in. granite. Segments 4 and 6
were the nonpervious control, and Segment 5 was pervious concrete with granite aggregates. Not
much was done in the area of soil correction or to ensure that the subgrade was drainable

(Figure 3). Some aspects of the driveway did not withstand freeze—thaw cycles and were
removed very early.

4> Pervious

FIGURE 3 Pervious concrete MnROAD sidewalk with cross-section (right).
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City of Detroit Lakes Boat Landing

Minnesota DOT built a boat ramp and filtration system along the US Highway 10 Frontage Road
tangential to the banks of the Detroit Lakes in the City of Detroit Lakes in 2008. The pavement
used the MnROAD Test cell mix design to build the pavement (cross-section in Figure 5) as a
unique filtration design. The pavement used the MnROAD Test cell mix design to build the
pavement (cross-section in Figure 5) as a unique filtration design. Boats from the lake drip water
into the pervious concrete that flows by gravity through the porous Minnesota DOT CA-50 base
into a separating geotextile that is inclined at a 1:6 slope to a detention pond (Figure 4) (5).
Water in this pond is treated periodically and released into the Detroit Lakes. This unique
filtration system has been functioning for more than 10 years. Hydraulic conductivity has
decreased since construction, but not irreversibly as postvacuuming results are still better than
prevacuuming results.

City of Shoreview City Streets

City of Shoreview built the Woodbridge neighborhood local roads using pervious concrete
pavements in 2008. The pervious concrete was designed for an anticipated 23% porosity and
zero-slump. The design (Figure 5) included a 7-in. pervious concrete pavement built over

(a) (b)

(©)

FIGURE 4 Detroit Lakes boat landing and filtration system: (a) portion of the boat
landing showing joints; (b) aerial view of boat landing on U.S. Highway 10; and (C) cross-
section showing simple filteration system design.
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(a) (b)

FIGURE 5 Aerial view of pervious pavements in Woodbridge neighborhood Shoreview:
(a) section AA through Jerrold Street and (b) aerial view of Woodbridge pervious cells.

18 in. of pervious base. In the proximity of Owasso Lake, the subgrade materials are very
drainable sands that allowed direct infiltration of runoff (Figure 5). This deployment was
carefully monitored by Minnesota DOT researchers for 7 years until a detailed 7-year
performance report was rendered (10). Researchers compared the cost of pervious concrete to the
nonpervious alternative with hydraulic infrastructure. The City conducted a cost analysis with
two confliction options (10). The first option was a bituminous reconstruction with hydraulic
structured, and the second was the pervious concrete without hydraulic structures. The decision
machinery showed the pervious concrete to be of lower investment cost. Researchers conducted
a life-cycle cost including vacuuming every quarter and diamond grinding the 10th year (10).
They also showed lower life-cycle cost for the pervious concrete alternative (10).

MONITORING

For convenience the monitoring is discussed under MnROAD monitoring, which is a routine
testing at the MnROAD facility, and the network test section monitoring outside of MnROAD.

Monitoring at the MnROAD Facility

The MnROAD Test cells were instruments with thermocouple trees consisting of watermarks and
thermocouples arranged as branches on a stem driven in to the subgrade from the pavement surface
providing freeze—thaw cycles. Each test cell was also instrumented with vibrating wire strain
gauges that provide top and bottom strain in the concrete. Previous research discussed the freeze—
thaw cycles accentuating how pervious pavements facilitated geothermal balance (3, 4, 11). Sensor
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readings as with all other cells in the MnROAD facility were downloaded directly into the
database. Typical routine monitoring at the MnROAD facility includes skid resistance (ASTM-
E274) ride measurement, sound absorption measurements, falling weight deflectometer, and
distress surveys. On some occasions, MnROAD operations had borrowed the grip tester for some
years and made continuous measurements round the test cells. Ride measurements are conducted at
least three times a year through all the test cells in a continuum. Files are later cropped into
pavement test cell groups. Hydraulic conductivity tests began with the sand cone and developed to
the single-ring infiltrometer that was improved into a gate-valve-Perveammeter (Figure 6) (5).
Impedance tube for sound absorption in situ is based on the degree of absorption than the
pavement surface does to a white noise intensity supplied by the source at the top end of a tube
when the tube is placed over the pervious pavement. For ride measurement, the lightweight profiler
at the time of monitoring was outfitted with a line laser and a triple laser so that the effect of
texture would be detected when such textures exhibited anomalous ride properties. Such features
were found to be more pronounced in longitudinal textures, whereas pervious pavements texture is
isotropic. At least three times a year MnROAD operations measures tire—pavement interaction
noise with the On-board Sound Intensity Method (OBSI) (5). All acoustic datasets are analyzed in
the 3rd octave band. Other technologies used are also shown in Figure 6.

FIGURE 6 Surface evaluation technologies, sand cone, single infiltrometer, and
gate-valve Perveammeter built by Minnesota DOT researchers for hydraulic
conductivity measurement.
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Deployment Test Section Monitoring

As needed by the researcher, sound absorption, hydraulic conductivity, and ride quality (IRI)
measurements (where feasible) were performed twice a year on average on the deployment
sections exterior to MnROAD. OBSI was not measured in the city street as the speed limit would
not allow the testing speed of 60 miles per hour in such a community, even if traffic was
diverted. Some general observations from monitoring are discussed in a later section.

DISCUSSION

Many characteristics of pervious concrete have been discussed by author and by others (3, 5,
9-11), but some major observations have neither been mentioned nor observed until now. This
research provides the advantage of long-term monitoring and the corresponding long-term
performance information. This section succinctly discusses associated key observations. Many
pervious concrete initiatives were initiated in Minnesota, but those where Minnesota DOT’s
expertise was not sought did fail early because of inadequate mix design and absence of
vacuuming.

Skid Resistance of Pervious Concrete

Pervious concrete provides as much skid resistance as the any skid-resistant texture in the
network. Skid resistance from the grip tester measured in pervious overlay Cell 39 pervious and
pervious full-depth Cell 85 and Cell 89 were compared to those from Cell 53 transverse broom
built at the same time in the traffic lanes in LVR. The pervious pavement surface exhibited
higher friction numbers than the nonpervious surface (Figure 7). Here, in a reliability analysis,
the 63.2nd percentile grip number (GN) is proxy for the characteristic value p of coefficient of
friction of the pavement surface. Results showed a characteristic GN of 0.47 for full-depth
pervious, 0.55 for pervious overlay, and 0.3 for transverse broom drag.

FIGURE 7 Skid resistance CDF rank for GN.
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Mechanical Properties of Pervious Concrete

During construction of pervious test cells, test cylinders and beams were made with the
prevailing industry standard, cured and tested for compressive and flexural strength. The 7-day
strength of pervious specimens were 90 to 99 percentile rank of the 28-day flexural and 80 to 95
percentile rank of 28-day compresive strength unlike the nonpervious specimens, where 7-day
strengths were in all cases 85% to 100% of the 28-day flexural and compressive strengths. The
7-day, 21-day, and 28-day strengths were statistically analyzed using the cummulative density
function. Results (Figure 7) showed a much higher overlap of pervious and nonpervious
compressive strength distributions compared to the tensile strength distributions. From this
experiment, pervious concrete tended to be more susceptible to tensile stresses than compresive
stresses. However the curves (Figure 8) show reduced flexural and tensile strengths for pervious
pavements. Aggregates are not completely encircled by paste in pervious concrete.
Consequently, in pervious pavements the interfacial trasition zones are even thinner and weaker
than in conventional pavements pervious pavements. However, they proved sufficient strength
for low-volume traffic, parking lots, and dranage systems (5).

Diamond Grinding As a Maintenance/Improvement Strategy

In a most recent initiative, the pervious concrete overlay cell was diamond ground. Although
pervious pavements are among the quieter pavements, there is a preponderance of features such
as texture direction and texture orientation that when optimized render nonpervious pavements as
quiet as and even quieter than pervious pavements. In this regard a diamond grinding initiative
only marginally improved OBSI (measured tire—pavement interaction noise) in the cells that
were not traffic loaded that were consequently less deteriorated than the traffic-loaded adjacent
lane. In that lane, however, the improvement in acoustic properties due to diamond grading was
significant. The diamond grinding improved ride quality considerably, but had very little impact
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FIGURE 8 Compressive and flexural strength (pervious versus portland cement concrete).
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on friction since friction of pervious pavements is comparable to the 80-99 percentile range of
friction numbers in the Minnesota network (7).

Long-Term Drainage Properties

DVR varied significantly throughout each cell, suggesting uneven material consistency.
However, flow rate (DVR) was generally higher in the cell built over sand than in the cell built
over clay subgrade (Figure 9). DVR was a convenient measure of the rate of discharge through
the pavement using the single-ring infiltrometer. This observation was associated with the
distress survey observation that showed early raveling of the cell built over cohesive subgrade
(Cell 89) as well as pronounced cracking on the wheel path of the traffic lane. There were cracks
in Cell 85, but they showed up after 7 years. The degree of raveling was insignificant in Cell 85
compared to Cell 89. These distresses were minimal in the boat landing and the city streets of
City of Shoreview that were built on granular subgrade.

Sound Absorption and Clogging

Sound absorption proved to be a proxy for structural and environmental health of a pervious
pavement and showed tremendous correlation to hydraulic conductivity and durability since
lower sound absorption implied clogging and susceptibility to freeze—thaw damage (12, 13).
Figure 9 (middle) shows a comparison of ratios of sound absorption (o) of pervious to
nonpervious at various frequencies. Interestingly it peaked at 1,000 Hz, which is the resonant
frequency for tire—pavement interaction noise. This attribute can be harnessed for traffic noise
reduction. Observing the detriment of fine clogging agents in the upper 2 inches, an experiment
injected a portion of the pervious concrete with increasing volumes of clogging agent and
measured corresponding sound absorption. The result (Figure 9) showed that with the same
volume of clogging agent, clay had the highest decrease in sound absorption. The driveway

FIGURE 9 Hydraulic acoustic and clogging characteristics.
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experienced severe raveling, spalling, and loss of mechanical strength shortly after placement.
This likely occurred because the pavement was clogged thus trapping water that became ice
lenses that damaged the matrix. Clogging resulted in early raveling as well as loss of mechanical
strength properties as observed from Schmidt Hammer spot tests and hydraulic conductivity tests
(3, 5). Coagulation of clogging agents over years of not vacuuming had resulted in irredeemable
clogging of Cell 64, whereupon the pavement could not respond to regurgitative hydraulic
flushing and vacuuming thereafter. Most of the clogging agents were from raveling of the
aggregate and associated paste degradation.

Long-Term Distress Cracks from Distress Surveys

A large longitudinal crack propagated down the centerline of the driveway and was likely a
result of falling weight deflectometer testing, traffic, and thermal loading. The pervious overlay
rapidly increased from 15% debonded at interface in the first month to 30% debonded in the 5th
year when it was diamond ground. The diamond grinding vacuum being as efficient as any
regurgitative system and tremendously improved hydraulic conductivity and sound absorption.
However, a much smoother surface, 70 in. per mile versus 300 in. per mile, reduced the dynamic
loads and decelerated the rate of debonding. A 2017 forensic observation revealed only 35%
debonding and no longitudinal cracks of the pervious overlay cell, but the wheel track of the
traffic lane of the pervious pavement built on clay subgrade (Cell 89) exhibited continuous
longitudinal wheel-track cracking. There was spalling at the tooled joints of the cell built on sand
subgrade (Cell 85), but the minimal partial-depth longitudinal cracks were not connected. A
major crack at the centerline of the driveway in 2006 had indicated that there should have been a
longitudinal joint at the driveway centerline. Proper joint establishment cannot be ignored in
pervious pavements. Some areas of obvious freeze—thaw damage were repaired in Cell 89, and
the sidewalk where cohesive subgrade materials underlay the pavements. Joint spalling was more
pronounced in the tooled joints (MnROAD) than in the sawed joints (Shoreview and Detroit
Lakes). In spite of the apprehension of autogenous rehealing of the slurry from sawing and the
potential for irreversible clogging, the sawed joints performed better than the tooled joints. The
former was not associated with slurry-induced clogging. Most of the clogging agents recovered
were fines from raveling of the concrete (5).

Hydrologic Evaluation and City Street Benefits

Izevbekhai and Schroeder (10) identified that vacuuming was indispensable to pervious concrete
performance and suggested diamond grinding as a long-term improvement at the right time.
Comparing the city street to the nonpervious option that included hydraulic structures, they
found the long-term pervious option to be more cost-beneficial. The Woodbridge neighborhood
had the right granular subgrade and proximity to Owasso Lake. In 7 years, more than 1 acre-ft of
runoff had infiltrated the pavement (10).

CONCLUSION

This paper has catalogued the various pervious concrete research and deployment initiatives in
Minnesota. Routine vacuuming of pervious concrete must proceed adequate storage detention,
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structural, and transmissivity design to minimize susceptibility to freeze—thaw damage. Pervious
concrete is better situated over granular subgrades that allow downward flow and provide
geothermal balance that in turn reduces the need for snow and ice operations. The early failure of
other pervious initiatives, for which Minnesota DOT’s expertise was ignored, buttresses the need
for this level of care. Moreover, the worst performing test cells and deployments are those that
were built over cohesive subgrade. In this research, pervious concrete did not statistically attain
to the compressive strength and flexural strength of conventional concrete, but the reduction in
overall project cost arising from the exclusion of hydraulic structures renders them adequate for
LVRs with granular subgrade materials. Long-term optimally-timed diamond grinding is also
effective in restoring ride comfort and hydraulic conductivity in general and may improve
pavement quietness when the pavement was extensively deteriorated before grinding. In local
roads where joints are indispensable, it is preferable to perform joint-sawing instead of tooling as
the latter was associated with significant spalling at the tooled joints.
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INTRODUCTION

In pursuit of their economic and social development objectives, Pacific Island countries (PICs)
desire to upgrade unpaved low-volume roads (LVRs) for the improvements in connectivity and
quality of life associated with all-weather access. While the benefits are clear, the capital cost of
conventional pavement technology and the recurrent cost of maintenance make it hard to justify
the required investment in upgrading LVRs. Typical low-volume paved roads are surfaced with a
bituminous chip seal or a thin asphalt concrete layer on processed aggregate base and subbase
courses. Constructing such pavements in PICs is expensive, given the scarcity of aggregate of
requisite quality; limited domestic road construction capacity; and scale diseconomies in the use
of equipment, plant, and materials. Moreover, vulnerability to natural disasters and climate
change necessitates consideration of more resilient paving alternatives. This extended abstract
reports on a World Bank study (1) aimed to stimulate the road engineering community in PICs to
consider whether concrete pavements are a viable pavement type for LVRs, and if so, how to
design, construct, and maintain such pavements. The study suggests that there is

substantial potential for concrete pavements to be used for LVRs (fewer than 400 vehicles a day).
Learning from pilot applications in Kiribati, Vanuatu, and Tuvalu (its Public Works Department
recently built over 400 m of geocell roads with own account labor despite limited prior
experience in road construction), it was shown that concrete pavements can be built in PICs with
basic equipment and semiskilled staff (1, 2). Four different types of concrete pavement were
assessed; the assessments included the strengths, weaknesses, and operations and maintenance
implications of each pavement type. Although prepared primarily for PICs, the study provides
valuable insights and technical guidance for the application of concrete pavements for LVRs in
other regions outside of the Pacific Islands. The World Bank study is expected to be published in
2019.

METHODOLOGY

This study (in the form of a concise technical guide) is a synthesis of international practice in the
use of four concrete pavement types for LVRs in both industrialized and developing countries,

130
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notably Australia, the United States, India, Chile, Nicaragua, and South Africa. It provides
guidance on design, construction and maintenance requirements, with a specific focus on
potential application in PICs. The four concrete pavement types assessed in the synthesis
included plain jointed concrete pavement (JCP), concrete block pavement, geocell concrete
pavement, and roller compacted concrete pavement.

Following a brief discussion on when is the right time to upgrade an unpaved LVR, the
study focus narrows down to considering the suitability of the four concrete pavement types for
possible application in PICs, including a technical comparison of the pavement types so that the
reader can comprehensively understand the characteristics of the pavements and assess their
suitability for the local country context. There is not one concrete pavement type that is optimal
for all situations—each pavement type has advantages and limitations that lend them to some
contexts, but not others. The technical comparison of the four concrete pavement types includes
the following:

Key strengths,

Key weaknesses,

Traffic volume and loads,

Area types where pavement likely suitable,
Area types where pavement likely not suitable,
Expected lifespan,

Construction costs,

Equipment required for construction,

When the road can be opened to traffic, and
Suitability of labor-based construction.

The body of the technical guide includes the following: (1) key features comprising short
summaries and comparison of the pavement types; (2) material requirements, mainly pertaining
to characteristics and availability of aggregates; and (3) design, construction, and maintenance
considerations, covering the steps shown in Figure 1.

The technical guide includes a list of technical resources for detailed, well-tested
guidance for each pavement type: JCP (3—16); concrete block pavers (17-22); geocell concrete
(2, 23-26); and roller compacted concrete (RCC) (26-28). Most of the resources are freely
available via the hyperlinks or an internet search. The audience for this study includes managers,
engineers, and technicians of road entities; road sector consultants and contractors in PICs; and
development agencies. The dissemination plan includes a series of workshops and executive
seminars at international conferences such as the 12th LVR and in-country training events.

FINDINGS

The critical design consideration for LVRs in PICs is not traffic, but the climatic and terrain
conditions. Frequent, intense rainfall and poor drainage pose the biggest challenge to road
durability. Following are the main findings reported in the study:

e The life-cycle costs of concrete pavements for LVRs are competitive with or cheaper
than flexible surface dressings.
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—1 DESIGN
Step 1) Determine drainage approach
Step 2) Understand subgrade properties
Step 3) Design thickness of concrete layer and layer works (if required)
Step 4) Determine mix material proportions
Step 5) Choose joint spacing (if applicable)
Step 6) Design edge supports
Step 7) Adjust design for steep terrain
CONSTRUCTION
Step 8) Site preparation
Step 9) Transporting materials
Step 10) Batching
Step 11) Mixing
Step 12) Laying and compacting
Step 13) Levelling
Step 14) Surface texturing
Step 15) Curing
MAINTENANCE
v Step 16) Routine maintenance requirements
Step 17) Periodic maintenance requirements

FIGURE 1 Design, construction, and maintenance considerations for concrete pavements.

e Concrete pavements require much less maintenance than flexible surface dressings, a
significant advantage given that maintenance is typically not done well in PICs.

e (Concrete pavements can be constructed using labor-based technologies and
small/community-based contractors.

e Concrete pavements have technical advantages over flexible surface dressings,
including resilience to flooding, steep gradients, and surface flow; they are a promising technical
option for climate change adaptation.

While concrete pavements are currently uncommon in PICs, they show substantial
promise as a suitable pavement type. The tropical environment in most PICs offers pronounced
technical advantages for the use of concrete pavements. There is little variation in diurnal and
annual temperatures so that the provision for thermal strains in the concrete slabs is not of
paramount importance and joints may be more widely spaced. The availability of sandy or
coralline aggregate subgrades, especially in the atoll islands, offers a stable (and often a strong
foundation) for the concrete slabs and blocks. The Cement and Concrete Institute of South Africa
offers the following advantages and benefits of JCP for LVRs, but the benefits are the same for
the other concrete pavements evaluated in this study (13):

e Durable;
e Lower whole-life cost for comparable flexible surfacing pavement design;
e Very low maintenance costs;
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e Skills acquired are not limited to road construction, but are transferable to the wider
building construction industry;
e Ideal for upgrading existing deteriorated unpaved roads by overlaying; and

e (Can reduce separate drainage infrastructure needed if drainage integrated into road.

JCP is by far the most common type of portland cement concrete pavement. JCP for
LVRs is cast in slabs, with a typical longitudinal length of 4 to 5 m between joints and a width of
3 to 4 m. The slabs are sized to dimensions such that uncontrolled cracking from thermal, traffic,
and moisture stresses should not occur. In Chile, a JCP variant is used with the slab size (1.4 to
2.5 m square) configured to one-half the typical dimensions such that any pavement slab is
loaded by only one wheel or a set of wheels at the same time, thereby minimizing the critical top
tensile stress. With the reduced tensile stress, slab thickness can be significantly decreased (as
low as 8 cm) for LVRs. With fiber-reinforced concrete the performance of these short slabs is
further enhanced (29, 30). Concrete block paving is a system of individual blocks arranged to
form a continuous hard-wearing surface pavement. The block can be made in different shapes
and sizes, with grooved interlocking pavers being the most durable shape for vehicle traffic.
Geocell concrete pavement is constructed by filling a thin-walled (0.2 mm) dimpled
honeycombed plastic geocell formwork with concrete. The geocell is a sacrificial formwork and
results in cast in- situ concrete blocks that have positive interlock. RCC is a premix produced at a
central batching plant that is laid using a purpose built mixing and paving machine and
compacted by heavy vibratory steel drum and rubber-tired rollers. No dowels, reinforcing, or
critically, formwork, are required. The key strengths and weaknesses of the four concrete
pavement types are summarized in Table 1.

TABLE 1 Key Strengths and Weaknesses of Concrete Pavement Types for LVRs

JCP

Block Paving

Geocell

RCC

Key Strengths: Well suited to unskilled labor; knowledge of lain concrete or block paving construction useful
skill outside of road construction; low maintenance needs.

e Well-understood, well-
tested method

e Does not require
expensive equipment

e Very simple to construct and
repair relative to other
concrete pavements

¢ Can generate social and
economic benefits for
communities through local
block manufacture

® Does not require expensive
equipment

e Waterproof

¢ Can cast the drainage
and road in one go

¢ No joints, virtually no
maintenance

e Does not require
expensive equipment

¢ Can be driven on
immediately after
construction

¢ Can be a more rapid
method than other
pavements if
sophisticated
equipment available

Key Weaknesses: Requires

imported cement.

e Joints can let water in if
not maintained, pumping
of fines

e Shoulders must be well
maintained against
erosion

e [f slab cracks badly may
require mechanical
equipment to rehabilitate

e Requires block
manufacturing industry

e Joints can let water in if not
maintained, pumping of fines

¢ Riding surface may not be as
even as JCP

e When blocks come loose,
they need to be fixed
promptly, else further blocks

will come loose

e Plastic geocells need to
be shipped from single
manufacturer in South
Africa

¢ Riding surface may not
be as even as JCP

e Requires good site
quality control

e Requires heavy
roller and
paver/motor grader

e Must be mixed at a
central facility and
then transported

e Finish is rough
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CONCLUSIONS

The concrete pavement options explored in this study offer good prospects of application not
only in PICs, but more broadly in tropical countries vulnerable to natural disasters triggered by
extreme weather events and the longer-term impact of climate change. In considering the design—
build maintenance cycle of the four concrete pavement types included in this study, the first step
is an assessment of the approach to drainage. All other considerations follow from this premise.
This study makes a cogent case for the use of concrete pavements for LVRs from the following
various perspectives:

e From a rural livelihood’s perspective, concrete pavements can be constructed using
labor-based technologies and small/community-based contractors; three of the four concrete
pavement technologies assessed in this study are labor intensive and have the potential to create
substantial rural off- farm employment, both skilled and unskilled.

e From an operations perspective, concrete pavements provide a more robust
alternative for easier and more effective road asset maintenance and traffic overloading control.

e From a climate resilience perspective, concrete pavements are more resistant to
erosion, surface flow, and flooding, and under high ambient temperatures, they do not soften, rut,
or become brittle (as bituminous pavements do); they are a promising technical option for
climate change adaptation. Lighter in color and texture, they are intrinsically cooler pavements:
they reflect incoming solar radiation and lessen the impact of the urban heat island effect.

e From a cost-effectiveness perspective, after accounting for their longer service life
(3040 years compared to 15-20 years for bituminous pavements), reduced maintenance costs,
and climate and safety benefits, concrete pavements are more cost effective than bituminous
paving options for LVRs. With discount rates in the 5%-9% range and applying appropriate
conversion factors for factor inputs, taxes, and subsidies, concrete pavements are estimated to be
more economical than bituminous alternatives on a life-cycle cost basis.
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he deposition of demolished concrete from old building structures in landfills is currently an

unacceptable strategy because of the increasing cost of disposal, the declining availability of
disposal space, and other environmental concerns. Recycling of old building structures as
construction materials is a viable alternative.

The objectives of this research study are to investigate the feasibility of using recycled
building materials in asphalt pavement mixes in the low-volume agriculture roads. Two types of
recycled building materials, recycled bricks (RB) and recycled concrete (RC), were used as
coarse aggregates in hot-mix asphalt (HMA). A total of nine hot asphalt mixtures were formed
by replacing a certain percentage of the coarse virgin aggregates by crushed bricks and concrete.
The prepared mixtures were tested in Marshall, immersion, indirect tensile, and creep tests to
investigate the effect of recycled materials on mixture properties and identify the optimum
percentage of recycled materials.

The findings in this project support the hypothesis that both RC and RB can be used
effectively as a coarse aggregate in HMA in the low-volume agriculture roads when appropriate
quality-control techniques are used. Based on the information obtained in this study, the recycled
building materials could be used as partial replacement of coarse virgin aggregates in HMA
without significant reduction in its performance.

INTRODUCTION AND BACKGROUND

The technology of recycling material started at the end of the 1970s of the last century as a step
toward keeping the environment clean and to reserve the natural aggregates. The experience of
recycling materials was limited to reusing building rubbles in cement concrete (1, 2) and reusing
the removed pavement materials in highway construction (3, 4). Also, pavements became
favorable structures for the recycling of a wide range of waste materials because of the large
quantities of materials required for their construction (5, 6).

The amount of building demolition debris rapidly increases every year as a result of
building demolition and reconstruction processes. So, the recycling of demolished building
rubble as coarse or fine aggregate in new HMA represents an important strategy at a time when
the cost of dumping such materials is on the increase. In addition, the available resources of
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conventional aggregates for pavement construction in most countries are on the decrease, added
to an increasing cost of the new construction materials.

So, considerable research was directed in Egypt to investigate the availability of reusing
the demolition of building debris in highway construction, from which a limited number of
studies focused on the reuse of building recycling materials in HMA.

Abd Allah and El-Saied (7) investigated Marshal Mix Design properties of mixes
produced by full and partial replacement of the natural aggregates of crushed limestone and
natural sand used in Egypt by recycled crushed concrete and bricks as a trial to increase the used
percent of the building waste materials in HMA. The study concluded that the use of recycled
aggregates may be accepted up to 60% of the natural aggregate mass. Khalaf (8) investigated the
properties of two HMAs; one was produced using crushed brick as a coarse aggregate, and the
other was produced using crushed brick as a fine aggregate. The two mixes were compared with
the traditional mixes that were produced using the crushed granite and siliceous sand,
respectively. The author concluded that the high tendency of brick to absorb bitumen improves
the mix strength through better particle interlocking. In addition, the study indicated that the light
weight of such mixes reduces its density and increase its stability.

El-Saeid (9) investigated the influence of using recycled sands on the properties of the
asphalt concrete mixtures. The author concluded that using the recycled sand decreases the voids
in the mineral aggregates (VMA), which may not offer enough space for the effective bitumen,
and the required air voids. Therefore, this study restricted the percent of recycled sand by 21% as
a maximum value to be used in HMA. Abeyasinghe and Khalaf (10) evaluated the performance
of HMA produced with RC coarse and fine aggregates as a replacement to the granite and natural
sand, respectively. The results showed that the absorbed bitumen is increased because of the high
porosity of the RC, along with enhancing the mix stiffness.

The performance of HMA, which contains recycled building materials as aggregates, is
not yet sufficiently investigated. Research is needed to evaluate RC and RB materials and
establish application procedures for pavement design. The results obtained from this research
study can establish guidelines that will enable RC products to be used with confidence.

EXPERIMENTAL DESIGN

The objective of this study was to perform a laboratory study to determine the applicability of
using RB and RC in HMA applications, including typical paving operations and environmental
conditions commonly found in the Egyptian low-volume roads. Figure 1 shows the experimental
design for the laboratory evaluation. The following sections describe the individual tests that are
included in the experimental design.

As shown in Figure 1, nine hot asphalt mixtures were subdivided into two main groups to
obtain the suitable applications for each aggregate of the mixtures. Each group was made by
replacing a part of the virgin coarse aggregates by different percentages (0%, 25%, 50%, 75%,
and 100%) of crushed RB and RC, respectively. The investigated gradation of the used
aggregates was obtained by blending 60% coarse aggregate, 33% siliceous sand with 7% stone
filler. All mixes gradation lies within the limits of the standard aggregate gradation Number 4-C
according to the Egyptian Standard Specifications (11), as shown in Table 1.
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FIGURE 1 Structure and flow of the experimental design.

TABLE 1 Design Gradation (4-C) and Specification Limits (11)

Sieve Size ‘ Designed Gradation Specification Limits
1 in. 100 100
3/4 in. 88.3 80-100
1/2 in. 78.6 —
3/8 in. 69.5 60-80
No. 4 49.2 48-65
No. 8 36.8 35-50
No. 16 33 —
No. 30 27.3 19-30
No. 50 17.1 13-23
No. 100 12.5 7-15
No. 200 5.7 3-8

Additionally, the experimental design was concerned with selecting the appropriate tests
most related to evaluating the paving mix performance. The Marshall test was performed to
obtain the optimum asphalt content (OAC) and mix characteristics. The Marshall Immersion test
was performed to assess the index of retained strength (IRS) as an indicator for moisture damage
resistance. The indirect tensile test was selected to assess the tensile strength for cracking
resistance, while the creep test was selected to evaluate the rutting tendency of the investigated
mixtures.
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MATERIALS AND SAMPLING

In order to adequately examine the use of recycled materials in asphalt mixes and its effects on
the properties of such pavements, the study team selected materials more readily available in
eastern Egypt. RB and RC obtained from the recycling plant in the City of Zagazig, Egypt. The
old concrete made of siliceous gravel aggregates and sand. The virgin coarse aggregate is
crushed dolomite obtained from the Ataka quarry. The fine aggregate is siliceous sand and stone
filler. The asphalt binder used has a penetration of 60/70 and 1.022 specific gravity. The physical
properties of asphalt binder are shown in Table 2.

Durability and acceptance laboratory tests were performed on recycled materials and
coarse and fine aggregates. The laboratory procedures included sieve analysis, apparent specific
gravity, bulk specific gravity, absorption, LA abrasion, and stripping. All laboratory test methods
were based on the ASTM testing specification as shown in Table 3.

LABORATORY TESTING AND RESULTS

The HMA laboratory tests conducted in this project included the Marshall Mix Design
procedure, the indirect tensile test, static creep, and the Marshall Immersion test. All laboratory
test methods were based on the ASTM and Egyptian Standards Testing Specifications.

TABLE 2 Properties of Asphalt Binder

AASHTO
Designation

Specification

Results Limits

1 Penetration (at 25°C), 0.1 mm T-49 64 60-70
2 Softening point, °C T-53 53 45-55
3 Flash point, °C T-48 +270 2250
4 Kinematic viscosity, (at 135°C), T-72 355 > 320

Results \
AASHTO Crushed Crushed Crushed Specification
Designation Dolomite Concrete Brick Limits
1 Specific gravity (SG) | T-85 — — — —
1 Bulk SG — 2.512 2.196 1.947 —
1 Saturated surface-dry | — 2.539 2.324 2.036 —
SG
1 Apparent SG — 2.659 2.519 2.201 —
2 Water absorption (%) | T-85 2.6 5.76 12.12 <5
3 Disintegration (%) T-112 0.63 0.58 1.4 <1
4 Los Angeles abrasion | T-96 — — — —
4 After 100 rev. (%) — 5.6 9.3 14.8 <10
4 After 500 rev. (%) — 28 26 45 <40
5 Stripping (%) T-182 >95 — — >95
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Marshall Test

Marshall Mix Design procedure was performed to obtain OAC and the corresponding mix
properties for the investigated mixtures. The selected test criteria were the 75-blow Marshall
Compaction procedure according to ASTM D1559 and AASHTO T-245. In addition, Marshall
stiffness (Sm) was calculated for each HMA as follows:

Swm, psi = Stability/(Flow x Specimen Height) (1)
Indirect Tensile Test

Standard test samples of 2.5-in. height by 4-in. diameter were used for the indirect tensile test.
The tests were performed at room temperature of about 30°C by loading test specimens with
compressive vertical load that act parallel to and along the vertical diameter plan until failure, at
a constant loading rate of 1 mm/min. A steel loading strip 0.5 in. wide with a curved loading
surface was used to distribute the load uniformly and to maintain a constant loading area all over
the loading period. The simplified relation for calculating the tensile strength (ot) for the 4-in.-
diameter specimen with 0.5-in.-wide curved loading strip are as follows (11):

ot, psi = 0.156 (P§/H) (2)

where

P; the total load at failure (Ib) and
H

height of the specimen (inches).
Creep Test

The creep test was performed by applying a constant vertical stress (¢ = 0.1 Mpa) in the axial
direction of the tested sample in a very short time and then keeping it constant until the test was
completed, using the consolidation-testing machine at a constant temperature of 40°C, applying
the same technique used by Howeedy et al. (13). A dial gauge of accuracy 0.01 mm was used to
measure the deformations. The vertical deformations and the corresponding loading times were
recorded during the test period (1 h). The cumulative creep strain (.= AH/H; in which AH is the
measured vertical deformation and H is the initial height of the tested specimen) was then
determined at the end of the test.

Marshall Immersion Test

The Marshall Immersion test, which is a simplified version of the AASHTO-T165, was used to
evaluate the resistance of HMA to moisture damage. This test is intended to assess the loss of
stability resulting from the action of water on the compacted mixtures by comparing the stability
of dry specimens to those immersed in water bath at 60°C. Specimens were made at their OAC
and immersed in the water bath for 24 h at 60°C, and some other specimens were immersed in
the water bath for only 30 min at 60°C also. IRS was then calculated using the following
equation:
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IRS = S1 /So x 100 3)

where S1 and So are the stability for specimens immersed in water bath at 60°C for 24 h and
30 min, respectively.
The results of all laboratory tests are presented in Table 4.

ANALYSIS AND RESULTS

Consequently, in comparing performance across mixes, it was found useful to develop trend
lines by leveraging collectively all the data assembled for each of the mechanical properties
investigated. The process adopted for this purpose was as follows:

Marshall Test Results

Results of the Marshall tests of the investigated hot asphalt mixtures with different percentages
of RB and RC as coarse aggregate are presented in Figure 1. The figure indicates that increasing
RB generally increases OAC, decreases unit weight and flow, with no significant effect on air
voids (AV) and VMA.

On the other hand, the stability of the mix increases up to a mixing ratio of RB = 50%,
then it decreases. The stability value of the mix with RB = 50% is about 115% of the traditional
mix with an increase in OAC by 13%. However, the reduction in stability with RB = 100% is
22% with increasing OAC by 42%, and the stability is still in the acceptable limit (higher than
1,800 1b). In addition, it is noticed from the figure that increasing RC increases the flow, AV, and
VMA, with no effect on OAC, and slightly decreases the mix unit weight, while the stability
decreases with an increasing rate. The reduction in the mix stability value with RC = 50%, and
100% is about 10% and 34%, respectively, while the reduction for RC = 75% is 21%, and the
stability is still in the acceptable range.

Examining Marshall test results along with the specifications limits of hot asphalt mixes,
it can be stated that the chosen recycled materials can be used with replacement percentages up
to 100% and 75% for RB and RC, respectively, without critically affecting the strength and
mechanical properties of the produced mix.

TABLE 4 Measured Characteristics of the Investigated Mixtures

Unit Tensile Creep
VMA weight Stability Flow Sm  Strength Strain  IRS

AV (%) (%) (gm/em®) (Ib) (0.01in) (psi) o (psi) (£) (%o) (%)
CM  [540 4.1 154 [2.352 [2418 [12.50 |7738  [80.5  [9.10  [89.5

B1 5.46 4.24 15.86  |2.345 |2355 12.75  |7388 73.1 9.91 81.7
B2 545 4.51 16.14 12330 2176 13.5 6391 62.5 11.10 |71.2
B3 5.55 4.95 16.62 [2.321 1909 14.50 5266 57.3 1240 |64.6
B4 5.50 541 17.10  [2.301 1602 15.50 [4134 47.8 14.20  162.0
Cl 5.80 4.04 1530 2311 2724 12.00 {9080 79.9 8.04 83.4
C2 6.1 4.01 1522 12280 2778 11.75 9457 81.3 7.28 77.8
C3 6.7 3.98 15.25 12229 2427 11.25 8629 79.1 7.75 69.5
C4 7.65 3.9 1532 [2.192 1891 10.75 [7036 78.2 9.64 65.1
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The values of Marshall stiffness (Sm) of the same mixes are presented in Figure 2 and
Figure 3. The figure indicates that Sm increases up to RB = 50% then it decreases for any further
increase in the recycled brick content. The Sm value of the mix with RB = 50% is 122% of the
traditional mix, while the reduction in Sm with RB = 100% is only 9%. However, increasing the
RC percent decreases Sm with an increasing rate. The reduction in Sm value of the mix with
RC = 25% and 50% is 5% and 17%, respectively; while that for RC = 100% is 47%. Based on
resulting Sm, which is considered as an indicator for deformation resistance of the mixes, it can
be suggested that recycled material can be used with replacement percent up to 100% for RB,
and should not be higher than 50% for RC.
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FIGURE 2 Marshall properties versus percent of recycled aggregates.
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FIGURE 3 Marshall stiffness (Sm) versus percent of recycled aggregates.

Indirect Tensile Test Results

Figure 4 presents the results of indirect tensile test in terms of tensile strength (ot), as an indicator
for cracking resistance of the investigated mixtures with different percent of RB and RC. It can be
noticed from the figure that increasing RB is not significantly affecting ot, while increasing RC
content decreases ot with an increasing rate. The reduction in ot value of the mix with RC = 25%,
50%, 75%, and 100% is 9%, 22%, 29%, and 41%, respectively. It may be concluded from the
results that RB can be used with percent up to 100% with no reduction in cracking resistance.
However, for HMA mixes with RC, it is preferred that replacement percent shouldn’t exceed 25%
to avoid significant reduction in the cracking resistance.

Creep Test Results

Figure 5 represents the results of creep test in terms of creep strain (&) as an indicator for the
potential tendency for rutting of the investigated hot asphalt mixes with different percent of RB
and RC. The figure indicates that €c decreases when the RB is increased up to 50%, then it began to
increase for any further increase in RB percent. The €. value of the mix with RB = 50% is 80% of
the traditional virgin aggregate mix, while the increase in €. when RB percent reaches 100% is
only 9%. Figure 5 clearly shows that €. increases with increasing in RC percent.

The increase in & value of the mix with RC =25% and 50% is 9% and 22%, respectively,
while that for RC = 100% is as high as 56%. Based on &c, which is considered as indicator for
rutting susceptibility of the hot asphalt mixes, it can be concluded that recycled materials can be
used with replacement percent as high as 100% for RB, with an optimum replacement ratio of
50%, while the mixing ratio for RC should not exceed 25%.
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Marshall Immersion Test Results

The results of the Marshall Immersion test in terms of IRS of the investigated mixtures with
different percent of RB and RC are presented in Figure 6. The figure shows that the values of
IRS generally decrease with increasing either RB or RC content. The IRS values at 50%
replacement are 77.8% and 71.2%, while that at 100% replacement are 65.1% and 62.0% for RB
and RC, respectively. On the other hand, at a replacement ratio of 25% both the RB and RC
achieve IRS values of about 83% and 82%, respectively.

Based on the requirement of hot asphalt mixes for moisture damage resistance (IRS is
greater than 75%), it can be concluded that recycled material can’t be used with replacement
percent more than 50% and 25% for RB and RC, respectively.

Considering all the investigated mix properties together (Marshall properties, cracking
resistance, rutting resistance, and moisture resistance) regarding RB and RC, it is noticed that RB
specimens gave better performance and higher strength properties than RC specimens. These
results may be attributed to the surface roughness of the crushed bricks giving higher particle
internal friction and surface interlock.

In addition, the crushed bricks have a higher ability to absorb more asphalt material,
allowing for more homogeneous mix with other mix constituents. On the other hand, crushed
concrete particles with siliceous gravel and sand are having a smooth surface texture as well as
its imperviousness, which produce mix with low angle of internal friction and consequently
lower particle interlock. Therefore, the optimum replacement percentages of RB and RC that
achieve all the strength and stability requirements of the hot asphalt mixes are 50% and 25%,
respectively.
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FIGURE 6 IRS versus percent of recycled aggregates.
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SUMMARY AND CONCLUSIONS

In order to successfully use the RC materials in flexible pavement construction, series of
laboratory tests had been conducted. The tests included the Marshall Mix Design procedure, the
indirect tensile test, the static creep test, and the Marshall Immersion test. The paper provided
analysis and discussion of results obtained for the replacement of parts of the coarse aggregates
in the hot asphalt mixes with certain percent of RB and RC.

In conclusion, the results of this study show that RB can be used in HMA and replace up
to 50% of virgin aggregate without scarifying the properties and the quality of the mixes. The
RC can replace up to 25% with the same properties.

Test-track pavement sections are recommended to verify the actual performance of
HMA made with recycled building materials as well as an economical study to determine the
feasibility of using such materials asphalt mixtures.

It is essential for the road agencies to develop practical and reliable guidelines and
specifications for the use of recycled building materials in HMA especially in the low-volume
agriculture roads. Research is needed to evaluate recycled materials and establish application
procedures for pavement design.
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Rural Truck Paths on Low-Volume Roads in Austria

WOLFGANG HASLEHNER
State Government of Burgenland

he rural road network in Austria consists of all roads that are neither federal nor provincial

roads and serve the purpose of enabling access to the rural area. This low-volume road
network includes all municipal roads, farm roads, and forest roads. The total length of these
roads amounts to approximately 160,000 km or 80% of the total Austrian road network. The
responsibility for construction and maintenance of this rural road network in Austria is split
between private persons and public authorities. Within these special circumstances a new
technical design guideline for rural track paths has been elaborated in Austria. During this
elaboration the experiences and know-how from Germany and Switzerland have been analyzed
and taken into consideration. The main part of the paper deals with this new design guideline and
shows an innovative way to handle activities in construction and maintenance of low-volume
roads realized as single-lane rural track paths. These track paths consist of two load-carrying
tracks constructed of asphalt, concrete, surface treatment, or block pavers. The obvious
advantages of this tracked paving approach are to reduce the impact of impervious surface types
and the impact on the environment. What makes this guideline unique is the fact that it is the first
of its kind in Austria to encompass all aspects of planning, design, practical construction, and
implementation of rural track paths on low-volume roads.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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Transport connectivity can be operationalized in investment appraisal when it is used as one
of the criteria in multicriteria investment analysis and network link prioritization. The
traditional approach to evaluating the network impacts of transport projects (which involves link
capacity and congestion delay considerations under a traffic assignment user equilibrium
framework), is appropriate for congested urban networks. On the other hand, for sparse networks
(such as rural and low-volume roads), the lack of topological connectivity is a more pressing
challenge compared to congestion. The paper argues that for certain kinds of networks such as
sparse, rural, multivehicle type, and disconnected networks, assessing the network performance
based on topological connectivity is a more appropriate compared to link travel times. This paper
then identifies five contexts where agencies routinely make investment decisions that require
consideration of network topological connectivity. The paper acknowledges the importance of
network topological connectivity as an important project evaluation criterion in any of these
contexts, and discusses several existing metrics for network topological connectivity. The paper
proposes a method for developing a comprehensive index of network topological connectivity.
The method incorporates the preferences of the network users regarding specific network
features (nodes and links) and individual measures of topological performance. The paper then
uses a case study to demonstrate how agencies can apply the framework to assess the overall
connectivity of their networks at the current time or in response to prospective link-development
projects, in any of the five contexts mentioned above.

INTRODUCTION

Transport decision-makers often consider a wide array of evaluation criteria when they make
investment decisions for proposed projects or when they carry out ex poste evaluation of past
projects: travel time, vehicle operating cost, safety, and economic efficiency (1-9). Other
traditional criteria are related to the impacts on land use, the social and biological environments,
economic development, asset resilience (6, 10), aesthetics, air quality, water resources, and noise
(11-18). In addition, a number of transport literature have presented or implemented
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methodologies that analyze the impacts of investment alternatives based on some combination of
these evaluation criteria (19-25).

The above evaluation methodologies for investment decisions do not consider directly the
impacts of projects on the topological performance of a network. On one hand, it may be argued
that there is no need for considering topological connectivity as an independent evaluation
criterion, because transport mobility (which is directly related to network connectivity) is already
considered in most evaluations using mobility-related metrics such as travel time. In other words,
where travel time is a key criterion in evaluation, the issue of topological connectivity is moot.

The opposing school of thought contends that mobility is not always an adequate
surrogate for topological connectivity, and that having both travel time and connectivity does not
always constitute double counting; for that reason, transport evaluation may consider topological
connectivity in parallel with mobility (travel time). For example, certain corridors and networks
are such that the travel time metric does not adequately reflect the user benefits. This is the case
at sparse networks, networks with disconnected nodes (seasonally or perennially), low-volume
roads or networks, and networks whose links have traffic volumes far below capacity), and
networks with multiple modes of transport each with different travel times (such as automobile,
bicycle, and walking). In such cases, vehicular travel time is not enough, and topological
connectivity is more important.

There exist several decision contexts with respect to network connectivity, in other
words, situations where a low-volume road agency makes a decision with due cognizance of the
investment impacts that include the changes in network connectivity. These include

1. Designing a new network, where no network currently exists, to connect existing or
anticipated nodes most efficiently;

2. Assessing the impact of a proposed or newly added link on the connectivity of the
overall network, and prioritize multiple proposed links based on such impacts;

3. Deciding whether and where to add a proposed link to an existing network;

4. Prioritizing existing links by measuring and ranking their topological connectivity
contributions to the network; and

5. Carrying out multicriteria evaluation of a highway project where one of the
evaluation criteria is network connectivity.

To address any given appraisal problem in any of these contexts, a need exists to develop
a measure of network connectivity that is consistent with the mission or goals of the transport
agency. The case study we present in this paper addresses some of these decision contexts. The
main objective of the paper is to present alternative ways by which the measures of network
connectivity could be used as a criterion for transport investment decision making. In reaching
this goal, the paper carries out a literature review of network connectivity in the context of
investment evaluation and decision-making. The paper then presents existing traditional
indicators of network connectivity that transport planners and decision makers could use in their
appraisal of projects, policies, and programs. To overcome the limitations of existing indicators,
the paper proposes a method for developing a comprehensive index of network topological
connectivity. The method incorporates the preferences of the network users regarding specific
network features (nodes and links) and individual measures of topological performance. The
paper then uses a case study to demonstrate how agencies can apply the framework to assess the
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overall connectivity of their networks at the current time or in response to prospective link-
development projects, in any of the five contexts mentioned above.

REVIEW OF THE LITERATURE
Motivation for Considering Transport Connectivity in Project Evaluation

In transportation literature, there are several instances where researchers and practitioners have
highlighted the importance of considering connectivity in the analysis of the impacts of
transportation systems of various modes. The 2015 Paris Process for Mobility and Climate
asserted that investments that increase connectivity yield benefits including broader-based
economic growth, and easier access to economic opportunities for the economically
disadvantaged segments of the population (26). Picot et al. presented the concept, roles, benefits,
and challenges of transport connectivity in Asian countries, and discussed how increased
connectivity can facilitate inclusive and sustainable economic growth (27).

In Nepal, recognizing that efficient transport and improved connectivity to rural areas is
key to poverty reduction, the government established the Transport Connectivity Sector Project
with the overall goal of improving feeder road connectivity from Strategic Road Network (SRN)
to rural areas (28). In Eastern Europe, Schade et al. analyzed transport connectivity in the
triangle region between Poland, the Czech Republic, and Slovakia, and identified rail and road
links that could be provided to enhance overall connectivity in that region (29). In Sri Lanka, the
World Bank’s ultimate objective for the Transport Connectivity and Asset Management Project
included the improvement of road service delivery on the Ja-Ela to Chilaw section of the
National Highway A003 (30).

The U.S. DOT maintains that transport connectivity, within and among the different
transport modes, facilitate movements by shippers and travelers and enhances the livability of
communities by offering multiple transportation options to residents (31). Sinha and Labi
recommended that transport project decisions should include, among other criteria, the mobility
of system users and the connectivity of the transport network but did not provide a detailed
framework for measuring network topological performance (20). In the next section of this
section, we examine some indicators that researchers have established in the literature to measure
transport connectivity.

Criteria for Connectivity Measurement

The Montana DOT, recognizing that increased connectivity reduces the amount of circuitous
travel required and often encourages shorter vehicle trips and the use of alternative modes,
measures connectivity as a “connectivity ratio” (the number of links divided by the number of
nodes) for sketch planning purposes (32). Bell considered the cost of traversing a link in the
network as a measure of network performance (33). In a study in United Kingdom, Woollett et
al. quantified transport connectivity by combining the economic importance of places and
connections with transport network (34). Sandra and Laurie (2004) described general project
selection criteria that could be implemented by different districts to prioritize rural transport
infrastructure projects in the state of Montana. Lane closure was one of the criteria; this is
assumed as a surrogate but not a criterion for directly measuring network connectivity: greater
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numbers of lane-closures during construction was used to measure the reduction in connectivity
during those periods (32). To help improve highway network connectivity in Sub-Saharan Africa
and other developing countries, the World Bank uses a rural accessibility index (RAI) that
measures the proportion of rural communities that live within 2 km (which translates into 20 to
25 min of walking) from an all-season road (35). The index could be expanded to cover other
investment contexts, urban and rural, and for different modes.

In most literature, the travel time on the network links has been used as an indicator of
the extent to which the network is connected. Cambridge Systematics (25) and Sinha and Labi
(20) discussed the average O-D travel time and average trip length as connectivity performance
measures (PMs) for passenger and freight travel. Travel time was mentioned as a measure of
level of satisfaction in OECD (20, 22). Forkenbrock and Weisbrod provided detailed steps for
network-level and local level connectivity measurement (6). To identify critical road segments
and measuring systemwide robustness in transportation networks with isolating links, Sullivan et
al. developed an index called network robustness index and used network-wide travel time as a
performance measure (36). Derrible used the concept of network centrality to determine key
transfer stations in public transportation systems (37), and Derrible and Kennedy analyzed the
connectivity of subway systems at various locations worldwide using enhanced graph theory
(38). Erath et al. applied graph theory to analyze the Swiss road and railway networks at different
points in time (39).

A number of researchers have developed connectivity measures that consisted of both
travel time as well as other criteria. Alstadt defined “connectivity” in the context of
transportation planning as the ease, time or cost of traveling between different transportation
route systems or modal systems (40). Scott et al. evaluated the impact of a highway section to the
change in network level travel-time using the network robustness index (41). For non-sparse
networks such as those typically associated with urban streets, travel time is considered a more
important (even if indirect) measure of network topological performance. On the other hand, for
sparse networks (such as rural roads in many developing countries as an example), the lack of
topological connectivity is a more pressing challenge copared to congestion. There exist in older,
non-transport literature, network connectivity evaluation criteria that are purely based on the
network topology. These were developed and applied in the context of graph theory,
communications, and other applications other than transport.

Topological Performance Measures for a Low-Volume Road Network

A number of measures are used in order to characterize the extent to which the network, i.e., nodes
and links, are connected. To illustrate the computations for each measure, node-to-node cost
(distance) data from a simple network shown in Figure 1 is used. The calculation results are given
in Table 1, and the definitions of the indices and terms are provided in Table 2.

FIGURE 1 Example network of low-volume roads, for illustrating connectivity
calculations.
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TABLE 1 Calculated Values of Network Connectivity Using the Sample Network in Figure 1

Category Measure Calculated Index ‘

Degree of a node Ce=1;Cc=3;Ca=1;Cp=2;Ceg=1
Cyclomatic number (n) |[pn=0
Diameter O(G) =25 mi
Alpha index a=0
Beta index B=0.8

Connectivity Gan}ma index i i 0.67 . :
Eta index n = 7.5 mi per link

Measures —
Pi index n=1.2
Theta index 0 = 6 mi/node
lota index 1=2.31 mi per weighted node

Degree of connectivity dc.=25
The Shimbel distance Node 1=8; Node 2 = 5; Node 3= 8; Node 4 = 6;

(D-Matrix) Node 5=9
A(B,N) = 68; A(C,N) =38; A(A,N) =53; A(D,N) =
g eqe . N =
Node Accessibility Node accessibility index _T_(_’_M A(EN
Measures _
Dispersion D(N) =272
Degree of circuity DC=0

For the sample network, using node-accessibility index performance measure, it can be
shown that from a topological perspective, Node C has the greatest node accessibility because it
costs the least (in terms of distance traveled) to go from Node C to all other nodes in the
network, followed by Nodes D, A, E and B, respectively. The cyclomatic number of this network
is zero; this suggests that there are no circuits (closed paths) in the network. A transportation
network with higher number of independent closed paths, as measured by the cyclomatic
number, serves network users better than a network with lower number of independent closed
paths in unwanted situations such as natural and man-made disasters (such as flood and
earthquake) that cause network disruption, by providing alternative routes in the network. The
diameter of the sample network, that is, the length of the longest path between an origin and
destination (O-D) pair, is 25 mi. The measures of network connectivity are typically represented
in terms of topological concepts such as number of nodes and the number of links. Table 1
presents the calculated values of network connectivity using the sample network in Figure 1.

The alpha index of the network is 0%, that is, the network attains 0% of the maximum
possible connectivity; the beta index, which is an indication of network complexity, is 0 because
for trees and all disconnected graphs, the beta index is not greater than 0; and the gamma index is
a ratio between the actual number of links in the network and the maximum possible number of
links (assuming all nodes pairs were connected by a link); thus the gamma index indicates the
extent of relative connectivity of the network (42). For the sample network, the value of the



TABLE 2 General Measures of Network Connectivity

Category Measure Description Equation Source
Degree of a . .
node The number of nodes directly attached to a node in a network (43,52)
Cveclomatic Maximum number of independent cycles of the graph. It measures
y the extent to which a network is developed, compared to other p=e—v-+p (44-46)
number (W)
networks
Diameter The length of the longest path between an origin and destination pair | §(G) = xmaxy d(X, x)
Aloha index The ratio between the actual number of circuits in the network and | a = p/(2v —5)
8 P the maximum number of circuits (for planar graphs) (44, 45)
% . The ratio between number of links and number of nodes in the _
5 Beta index B=eh
S network
> Gamma The ratio between actual number of links and the maximum number | vy =¢/[3(v — 2)] (36, 44-46, 53)
E index of links in the network (for planar graphs) ’ ’
3 . A ratio of sum of all links and all nodes to the observed number of _
g Eta index links of the network n=Mfe (44)
O .. Measures the relation between the entire transportation network and |
Piindex individual links of the networ m=c/d (43, 44)
Theta index A ratio betweeq the entire networlf length and its nodes and 0=M/V
expresses function of the average index (44)
Tota index lfl{sg;:sented by the ratio between the entire network and its weighted L= M/W
Degree of Comp'ar.es the relative posmon ofa n-etyvork s connectivity between dec. = (/) — 1)/2] (53)
connectivity | the minimum and maximum connectivity ratios

Continued on next page.




TABLE 2 (continued) General Measures of Network Connectivity

Category Measure Description \ Equation Source
The Shimbel . . Involves matrix multiplication
. The sum of the number of links in the shortest path between a node . .
distance . . and manipulation of the (53)
> . and all other nodes in the transportation network . :
5 (D-Matrix) resulting matrices
) . . .
7 8 Node .. ... | A measure of the spatial relation between node i and all other nodes
# 5 | accessibility | . (44)
8a |. in the network
2 g |index
9 = Dispersion A measure of the overall property in terms of node- accessibility of a (44, 54
3 network
“ Degree of . .
.o A measure of the relative location of nodes of a network (44)
circuity
NOTES: ¢ = the total length or mileage of the entire transportation network;

Ci = degree of node i;

Cij = Connectivity between node i and node j (either 1 or 0);

n = number of nodes;

1 = cyclomatic number;

e = the number of links;

vV = the number of nodes;

p = number of graphs;

8(G) = Diameter of graph G;
a = alpha index for planar graphs;
B = the beta index;

y = gamma index;

1N = eta index;

M = total network mileage;
7 = pi index;

d = the total length or mileage of the network’s diameter;

0 = theta index;

L= iota index;

w = the sum of network’s nodes weighted by their function;
d.c. = degree of connectivity;

A(i,N) = node-accessibility index;

S™ d(i, j) = summation of distances between node i and all node j’s in the network;
D(N) = dispersion of network N;

i=1

Y™ S d(i, j) = the sum on a sum of distances between node i and all other nodes in the
network;

E,D=real i=1 j =1 straight line distances, respectively between nodes;
DC = degree of circuity.
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gamma index is 67%. The eta index of the network is 7.5 mi/link (note that the eta index
decreases with increasing number of nodes). Therefore, a lower eta index is indicative of a more
developed network. The Pi index of the network is 1.2 (a higher pi index reflects a more
developed the network. The sample network has a theta index of 6 mi per node which explains
the average length per node in the network. On the other hand, the iota index, which takes into
consideration the importance of nodes, is 2.31 mi. In the sample network, the end points and the
interior (intersection) nodes were taken as having two and eight practical functions, respectively.
The degree of connectivity of the network is 2.5 which shows the relative position of the
network’s connectivity between the maximum connectivity (which is 1) and the minimum
connectivity.

The D-matrix or Shimbel distance is a tabular display of the number of links associated
with each origin and destination node pair in the network. For the sample network provided,
using Node E as the start node, Node C is the most accessible network as it takes the least
number of links to travel from that node to every other node in the network; Node E is the least
accessible node. Node B has the highest node accessibility index (68 mi) and Node C has the
least (38 mi). The network dispersion measures the total length (in units of distance) associated
with traversing a node to every other node in a network. The network dispersion is 272 mi. The
degree of circuity of the network is 0 which implies that the real distance between any two nodes
in the network is the straight line (the shortest) distance between the nodes. This is obvious for
the network example because straight line connection between nodes are assumed; however, in
certain application contexts including rolling terrain, the real distances between nodes may be
different from the straight line distances.

The degree of a node (DN) is a representation of the node’s importance relative to others
in a network. From a topological viewpoint, the level of nodal importance is directly proportional
to the number of incident links to the node. For example, hub nodes are generally considered to
be more important compared to terminal nodes (43).

The diameter of a transportation network can be used to represent the network extent
which, in topological terms, refers to the number of links in the network. The drawback of this
connectivity measure is that two different networks may have the same diameter due to their
difference in degree of connectivity. Conversely, two networks with the same extent may have
different diameter; a network with higher degree of connectivity is generally more likely to have
a lower diameter (44).

The closeness centrality (CC) of a node depends on its geographical location in the
considered network under consideration. The link betweenness centrality (LBC) is defined as the
number of shortest paths in a network that pass through a link (39). Different indices have been
developed by researchers to quantify the topological performance of networks (43-47).

Transportation infrastructure projects can and do change the topological characteristics of
the transportation network, and therefore affect how stakeholders carry out routing operations on
the network in order to minimize the cost of doing businesses. Therefore, in order to improve
network performance by implementing projects, it is vital to know the different types of trips that
typically could be made by the stakeholders. The most common trip types include shortest paths
and Chinese postman path (CPP).

Shortest paths are often preferred when sending goods, services or information from an
origin to a destination in a network. This is because the shortest path between any two nodes in
the network is the optimal route in terms of the cost, or convenience associated with traversing
the path (48). A number of network topology performance measures incorporate, directly or
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indirectly, the concept of shortest paths. For example, betweenness centrality of a node is a
measure of the percentage of all shortest paths in the network that pass through that node in the
network. Other performance measures associated with shortest path length and used in this study
include the BC of a link and network diameter. For a highly-connected network, it is reasonable
to expect that the shortest-path length between any two nodes in the network is generally likely
to be small.

The Chinese postman problem (CPP) is one of combinatorial optimization problems that
are widely studied and useful problems to solve (49). It has been applied to solve problems such
as analysis of DNA, routing robots, routing snow removal in winter season or planning road
maintenance activities (50). If G is a connected network containing N vertices and links, then the
CPP is about finding a closed path in the network, that contains all links of G and the total cost
of the closed path is the minimum (49).

Summary of the Literature Review

The network connectivity measures that exist in the literature are not comprehensive, i.e., they
deal with a single attribute of network topological performance (37, 38, 45, 46). Also, the
existing measures do not incorporate weights that reflect PM preferences to specific measures of
network topology based on their appropriateness with respect to the policy or operations of
transportation agency or service organization (36). That is, there is no widely used
comprehensive network PM that enables decision makers to incorporate special consideration to
specific routes (links or nodes in the network) or specific measures of network performance.
Table 2 presents the general measures of network connectivity.

STUDY METHODOLOGY

The framework developed in this study allows the selection of network PMs of interest to be
included in the model as well as to provide individual weights for the measures and their sub-
criteria. The framework also can be applied both to proposed or existing networks for
quantifying the overall topological performance of a network or the performance of individual
nodes and links. The steps in the developed framework are described below.

e Consider planned or existing network. The methodology can be used to quantify the
network connectivity and node-accessibility performance of proposed transportation networks,
proposed improvements to an existing network, or existing network without improvement.

e Select network PMs. Based on the context of the evaluation, the network PMs should
be selected appropriately. For example, if the objective is to quantify the percentage of shortest
paths that pass through links, a link BC PM is considered in the evaluation.

e Provide weights for PMs. At this stage, the decision maker assigns weights to the
individual measures of network topological performance which reflect the relative importance of
the PMs compared to each other, and are generally derived by the decision maker on the basis of
the inputs of multiple stakeholders.

e Scale PMs (whenever necessary). PMs may have different units of measurement,
which in some cases may be unit-less. In order to be able to quantify network connectivity, these
PMs are converted into the same scale of measurement.



Woldemariam, Labi, and Faiz 159

e Determine values of topological PMs. The values of the topological measures are
determined by applying suitable formulas and algorithms. The topological performance values
may be associated with nodes, links, or the entire network, as described in the next section.

e Analyze node, link, and network importance. In this step, the PM values obtained in
the previous step are analyzed and the nodes or links are prioritized by their importance. The
entire network performance is also determined.

General Form of the Index

The proposed model was conceptualized in order to quantify network topological performance as
a single composite quantity that incorporates multiple PMs. The general proposed model is
given in Equation 1.

(1)

NCI = network connectivity index;
kort = PM;
| ors = number of trip types or criteria;
nor m = number of nodes, routes, or links;
iorj = node, link, or criteria;
WK = weight given to a PM k;

o = normalization factor for network PM k;
Y¥ = value of network PM k for a node, link, or criteria i;
wf = weight for network PM k for node, link, or criteria i;
W! = weight given to a PM t;
a' = normalization factor for network PM t;
5 = value of a network PM t for a node, link, or criteria j; and
th = weight for network PM t for a node, link, or criteria j.

The normalization factor is an adjustment that seeks to cancel out bias due to the effects
of certain network features or properties. For example, in comparing the diameter of two or more
network topologies which differ in their number of links, it is essential to cancel out the effect of
the number of links because those network topologies with a higher number of links are likely to
have a smaller diameter due to the possibility of more route options which could reduce the
diameter value.

In some situations, a network PM may have sub criteria. In these cases, individual
weights could be assigned to the sub criteria. Equation 2 specifies that the sum of the weights of
the sub criteria of a network PM should be equal to the weight given to that network PM:

2)
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where the definitions of symbols are the same as given in Equation 1.

The model places the network PMs which the decision maker seeks to maximize in the
numerator, and those to be minimized in the denominator. For example, if the objective involves
maximization of the average nodal degree and the minimization of the network diameter, the
former appears in the numerator and the latter in the denominator.

Generalized Form of the Index

To demonstrate the application of the general network connectivity model described in Equation
1, the following PMs were considered: node betweenness centrality, link betweenness centrality,
nodal degree, closeness centrality, shortest path length, Chinese postman cost, and network
diameter. Equation 3 provides the network connectivity index (NCI) model which incorporates
these PMs and was used in a case study that is described in the subsequent sections of this paper.

3)
where
NCI = network connectivity index;
BC = betweenness centrality;
LBC = link BC;
0 = degree of anode;
CC = closeness centrality;
SPL = shortest path length;
MST = minimum spanning tree;
CPP = Chinese postman cost;
D = network diameter;
N = number of nodes;
| = number of links;
m = name of link;
i,j = name of node;
1 2 o
— = normalization factors;
nrir’ n(n-1)
yE¢ = BC value for node i;
yLBC = LBC value for link m;
y? = value for DN i
¥$¢ = closeness centrality value for node i;
lsf L = shortest path length between nodes i and j;
MST = Length of minimum spanning tree;
¢PP = Chinese postman cost that starts and ends at node i;
B? = network diameter value;
WBC = weight for BC PM;

WLBC = weight for LBC PM;
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we weight for nodal degree PM;
W = weight for closeness centrality PM;
WSPL = weight for shortest path length PM;
wMST weight for minimum spanning tree PM;
WCEPP = weight for Chinese postman cost PM;

WP = weight for network diameter PM;
wf¢ = weight for node i w.r.t BC PM;
wkBC¢ = weight for link m w.r.t LBC PM;
w? = weight for node i w.r.t nodal degree PM;
wf¢ = weight for node I w.r.t closeness centrality PM; and
Wff L' = weight for SPL PM for shortest path between nodes i and j.

Equation 4 satisfies the condition that the sum of the weights of sub-criteria must equal
the weight given to the network PM to which the sub-criteria belongs.

4

The definitions of symbols are the same as given in Equation 3.

Weighting and Scaling

Transportation network stakeholders typically have different network performance preferences
with regard to certain PMs based on their importance in the stakeholder’s day-to-day operations.
Therefore, in the framework for NCI development in this study, the stakeholders were requested
to assign weights to the PMs as well as the individual elements of the network. The weights for
the PMs and their sub-criteria were determined through a questionnaire survey. Scaling (also
referred to as metricization) of PMs is common in multiple criteria evaluation, particularly when
there is a need to combine the PMs to yield a single combined value of overall performance for
each alternative (20). The PMs used in this study to quantify network connectivity have different
units of measurement. There is a need, therefore, to scale the units so that they can be
represented in the same scale of measurement. That way, the PMs can be used to characterize
the network connectivity level described by Equation 3. The PM values were scaled to the same
scale of measurement using Equation 5.

()
where

PMscaed = scaled PM value;
PM = actual PM value;
PMmax = maximum computed PM value; and
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PMmin = minimum computed PM value.

For example, if the actual BC of a node in a network is 20 percent and the minimum and
maximum BCs of the nodes in the network are 10 and 40 percent, respectively, using Equation 5,
their scaled value, PMscaled 1S 33.33%.

CASE STUDY

A case study involving road infrastructure network was conducted to demonstrate the developed
network connectivity framework. The infrastructure case study network, shown in Figure 2,
consists of 17 nodes and 24 links. The numbers along each link represent the impedance of the
link. Impedance can be measured as a distance (miles) or travel time (minutes).

Stakeholders

There are a number of transportation stakeholders in the case study area, such as post office,
farmers, agricultural companies, school bus systems, and so on. Due to the limitations of time
and difficulty in collecting data for the entire population of stakeholders, only representative
stakeholders were solicited for data: these are coded as follows: Stakeholders A, B, C, and D.

Survey Results

The survey questions that measured various aspects of the network performance were prepared
by considering all network PMs incorporated in Equation 3. With regard to the weights assigned
by the stakeholders to the network features, the average weight provided by stakeholders to the
nodes of the network with respect to each PM was recorded. In the case study, all nodes were
provided weights of 5 or greater by all stakeholders; the only exceptions are Nodes 10 and 11
that received weights slightly lower than 5 for the case of the CPP and the LBC PMs. Also, node
12 received a weight less than 5 for the CPP PM. Each node was assigned a different weight
based on the PM under consideration, showing that the importance of a node relative to other
nodes depends on the type of PM under consideration.

With regard to the weights assigned by the stakeholders to the topological performance
measures, the average weights were also recorded. For the network diameter PM, Stakeholder A
assigned the highest importance (with an average weight of 8.2) to this PM followed by
Stakeholder B (weight equals about 7.9). Stakeholder C assigned a weight of 4. The lowest
weight for this PM was assigned by Stakeholder D. A higher weight was assigned by
Stakeholder B, most likely due to their need to be able to reach all corners of the network. A
lower diameter means that the Stakeholder B can quickly arrive at the incident location and
provide services anywhere in the network when needed. On the other hand, Stakeholder C and
Stakeholder D have routine routes in the network and therefore may not be highly concerned
with increasing or decreasing the network diameter because changes in the network diameter
may not affect their routine business.
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FIGURE 2 Case study network of low-volume roads.

Categories of Stakeholders’ Preferences for Nodes and Links

Survey results showed that the stakeholders considered in this study provided variable degree of
importance to different nodes, links, and PMs. Some of the results are described below.

It was found out that for all the PMs, no node had the same degree of preferences as per
the preference criteria. For example, Node 8 was assigned a preference of 8 or greater for all
PMs, except for BC in the case of Stakeholder D and Stakeholder B, and for CPP in the case of
Stakeholder D. A given stakeholder had different preferences for a given node for different PMs.
For example, Stakeholder C assigned the highest preference for nodes 8 and 13 w.r.t nodal
degree (ND) PM; Node 13 for BC; Nodes 1, 2, 3, 4, 8, 13, and 17 in the case of CC; and Nodes
1, 2,8, 13,16, and 17 for the case of CPP. On the other hand, Stakeholder C assigned its lower
preferences to Nodes 10, 11, 12, 13, and 14 for the network diameter PM; Nodes 9 and 11 for
BC; Nodes 4, 7,9, 10, 11, 12, 14, 15, and 16 for CC; and Nodes 6, 10, 11, and 12 for CPP PM.
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The above results generally show that transportation decision-making could incorporate
the preferences of stakeholders for network elements (nodes and links) in a given transportation
network with respect to the PMs of interest. This approach is useful for minimizing the negative
impact that an infrastructure project may have on some stakeholders and an unfairly large
advantage for other stakeholders.

Network Connectivity Index

In determining the NCI for the case study network given in Figure 2, values of all PMs were first
computed using python code and Graph Magics® software for computing CPP (51). Then, the
PM values were scaled into the same unit of measurement in order to apply the NCI model. The
NCI was determined using average weights provided by stakeholders to each network element
corresponding to each PM. For network-level PMs (such as network diameter), a single weight
was given; there was no need to consider the network elements. Equation 6 shows a simplified
NCI model for the case network after inserting constant values into the NCI equation.

(6)

The constant values are the average weights of PMs given by all stakeholders as shown in
the list below, and the number of nodes and links in the network, which are 17 and 24,
respectively. The list below provides scaled and weighted sum of PM values. These were
calculated by multiplying the PM value corresponding to each node or link in the case network
by the average weight given to the same node or link by the stakeholders. Due to the scaling
process, these values are dimensionless.

ND: 265.44

Betweeness Centrality: 232.49
LBC:289.18

CC: 271.99

Shortest Path Length: 2031.82
CPP: 651.47

Diameter: 55.88

If the weighted sum values of the PMs are inserted into Equation 1, the NCI is
determined as 1.04. When different projects on the LVR system are considered for
implementation, the corresponding NCI values can be determined. LVR projects which provide
higher NCI values are preferable to those that yield lower NCI values. A thorough investigation
of the impact of the projects on the NCI should be conducted when two or more LVR projects
are considered for simultaneous implementation; the maximum possible number of combinations
of projects should be evaluated in order to select projects which relatively maximize the NCI
value. For example, if there are 10 LVR candidate projects and only two projects are to be

implemented due to other influencing factors (such as budget constraint), =
combinations of projects should be considered and the corresponding 45 NCI values should be
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computed and ranked, and the projects that provide the highest NCI values should be selected for
implementation based on the network connectivity evaluation criteria.

SUMMARY AND CONCLUSIONS

In this paper, a general network connectivity model was introduced. A case study network of low
volume roads was used to demonstrate the proposed overall network connectivity framework.
The survey results on stakeholders’ preferences regarding individual measures of network
topological performance and regarding specific features of the network (nodes and links) were
presented. The network connectivity computation and scaling of performance measures was also
demonstrated. Finally, the network connectivity index (NCI) of the case study network was
determined using the developed framework. The results show that stakeholders tend to give
different levels of importance to nodes and links in the network from the perspective of their
operations. The framework can be utilized to determine more than one NCIs when multiple
projects are considered for implementation; a project associated with the highest NCI could be
selected. Future work could include this measure of performance in multi- criteria evaluation that
considers other evaluation factors such as safety, noise, emissions, in addition of the network
connectivity impacts of proposed projects.
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he concepts of connectivity, accessibility, and mobility (CAM) are key measures of transport

network performance that have been discussed extensively in the literature. However, there
has been little work that discussed the relationships among these concepts. A clear discourse on
these concepts and their interrelationships can help agencies carry out more objective evaluations
of projects that seek to improve at least one of these measures of transportation performance.
This paper presents three alternative perspectives (models) of the CAM relationship: the nested,
the snowman, and three-way overlapping models. The paper also presents, for project appraisal
purposes, two alternative ways of classifying the three CAM concepts. The first is based on the
three concepts in their basic forms. The second considers some variation of these concepts in
addition to aspects of the network topology, operational performance, road condition, and
socioeconomic characteristics of the project’s area of influence. The conceptual framework
outlined in this paper contributes towards a holistic approach to the appraisal of low-volume road
projects, programs, or existing networks based on their impact on overall CAM.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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According to the Moving Ahead for Progress in the 21st Century Act (MAP-21), all states are
required to collect roadway data based on the Model Inventory of Roadway Elements (MIRE)
as well as to use the linear referencing system. Furthermore, Fixing America’s Surface
Transportation (FAST) Act emphasizes high-quality data that will aid practitioners to reach
informed decision-making. The above facts underline the need for a thorough review of how states
are engaging local agencies to meet the data collection requirement, especially for the local
roadway system that encompasses low-volume local roads and unpaved roads. More specifically,
identification of successful practices in integrating and maintaining roadway data from various
sources (e.g., different local agencies’ data sources) will help states achieve the data collection
requirements. In this paper, a nationwide survey summary pertaining to MIRE Fundamental Data
Elements (FDE) collection and identified sample successful practices are described.

INTRODUCTION

The MIRE is a recommended list of roadway inventory and traffic elements related to safety
management. A subset of MIRE, established as part of the Highway Safety Improvement Program
Final Rule changes, is referred to as FDEs. FDEs contain 37 roadway and traffic elements that are
categorized by roadway functional classification and surface type—including the low-volume local
roads as well as unpaved roads (Table 1). It should be noted that according to the FHWA (1),
unpaved roads account for approximately 35% of the roadway system in the United States.

In MAP-21 (2), the significance of MIRE FDE is well noted as the requirement for the
collection of roadway data based on the MIRE. The recent FAST Act (3) further underlines the
importance of high-quality safety data to support comprehensive transportation decision-making.
To meet the requirement to collect data on all public roadways based on the MIRE, state agencies
are putting effort to coordinate with local agencies to gather data that are available at the local
level. Considering that MIRE FDE also encompasses local paved roads and unpaved roads (Code 7
per FHWA Highway Performance Monitoring System), it is imperative for state agencies to
understand the current status of MIRE FDE collection of local roads, degree of MIRE FDE
integration into the state database system, identified barriers and successful practices in data
integration. This paper synthesizes the aforementioned elements based on the survey of state
transportation agencies and interview with selected agencies, which is based on the authors’
previous research (4).
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TABLE 1 MIRE FDE for Local Paved Roads and Unpaved Roads

Local Paved Roads (Roadway Segment) Unpaved Roads (Roadway Segment)

Segment identifier Segment identifier

Functional class® Functional class®

Surface type?® Type of governmental ownership®
Type of governmental ownership? Begin point segment descriptor®
Number of through lanes® End point segment descriptor®

Average annual daily traffic®
Begin point segment descriptor®
End point segment descriptor®
Rural-urban designation®

& = Represents the required Highway Performance Monitoring System items.

METHODOLOGY

In this paper, a total of three approaches are presented for capturing the various efforts that have
been made by states in working with local public agencies to integrate roadway safety data from
local and state sources. These approaches are: (1) a comprehensive literature review; (2) a survey
distributed to the state departments of transportation (DOTs); and (3) a series of interviews with
local public agencies (LPAs) and FHWA division personnel. Based on the state DOT survey
results and the subsequent in-depth interviews with LPAs, the noteworthy practices associated
with the partnership between state and local agency are summarized.

FINDINGS
State Survey Results

Survey results gathered from 45 states showed that the advancement in technologies and data
process—visualization [e.g., GPS, geographic information system (GIS), lidar] helped state and
local agencies in streamlining roadway data collection and integration process. Consistent data
format between state and local sources and adequate state resources were elements identified to
improve the integration of roadway data MIRE FDE from state and local sources. There was a
total of 11 states that reported to have 100% completed MIRE FDE collection efforts for non-
state—owned roadways including the unpaved local roadways.! The survey also showed that eight
states rated their roadway safety MIRE FDE integration into the state system effort as an
effective one.? Some of those states will be further described in the next section.

With the MIRE FDE from all public roads, many states have indicated benefits as a more
integrated decision-making, improved project identification and priority setting, and enhanced
roadway safety level using the data-driven approach. The limited state and local resources,
technical expertise of the agency, and inconsistent funding levels were identified as barriers in
implementing the integration of local roadway safety data.
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In-Depth Interview

To further obtain details of the successful practices in roadway data integration, interview results
are described in four topic areas:

1. New technology—software application;

2. A healthy communicative and collaborative relationship between state and local
agencies;

3. Engagement with academic partners; and

4. Development of data dictionary, standards, and manual.

Technology Application

For the past decade, the Ohio DOT, the Ohio Department of Public Safety (ODPS), and county
engineers have collaborated to gather and maintain a common file of roadway inventory data that
includes the MIRE FDE needed for assessing safety. Referred as the Location-Based
Referencing System (LBRS) and funded through various sources (e.g., ODPS 408 grants, Ohio
DOT Highway Safety Improvement Program funds), the corresponding project applied GIS and
helped Ohio DOT enhance crash location rate. As a state—county partnership product, the LBRS
enables to gather accurate locational information on all public roads and addresses. Prior to the
LBRS project, Ohio DOT located for about 30% of all crashes within a given county due to the
inaccurate or incomplete local (non-state—owned) roadway databases. With the roadway
inventory file through LBRS, approximately 90% of all crashes are now locatable regardless of
jurisdiction. Figure 1 presents a screenshot of Ohio Geographically Referenced Information
Program’s LBRS (5).

Collaborative Relationship

Interview with various local agencies showed a close relationship among state and local staff is
an essential factor in facilitating a successful and coordinated data collection, integration and
maintenance effort. A good example is the County Road Administration Board (CRAB) and
Washington State DOT (6). CRAB acts as a clearinghouse by confirming compliance, quality
work, training, and maintaining the data for each of the counties. In addition, CRAB collaborates
with the Washington State DOT to assist identify gaps and overlaps in the road inventory system,
to increase the success of accurately locating jurisdictional boundaries, to explore multimodal
opportunities, and to foster data management sharing.

Engagement of Academic Partner
In Michigan, Michigan DOT will lead the efforts the MIRE FDE collection while the Michigan

Technological University (MTU) will conduct support services. Table 2 describes the MIRE
FDE data collection plan in partnership with MTU.



172 TR Circular E-C248: 12th International Conference on Low-Volume Roads

FIGURE 1 LBRS in Ohio, Ohio Geographically Referenced Information Program (5).

Another example is the state of lowa and Institute for Transportation (InTrans) at [owa
State University. The Center for Transportation Research and Education at InTrans has been
responsible for generating a statewide intersection database and filtering—complementing a
roadway horizontal curvature database that are significantly related to the MIRE FDE
components. lowa State University’s InTrans supports the [owa DOT with monitoring the
pavement condition data collection, quality assurance, and data distribution to the locals.

Development of Data Dictionary, Standards, and Manual

In the state of Kentucky, the Kentucky Transportation Cabinet (Kentucky DOT) contracts with
Area Development Districts (similar to a regional planning organization) to work with local
agencies to collect non-state—road roadway data. During this process, the Kentucky DOT
requires the data collection to confirm the DOT’s system based on the well-established data
dictionary, the Local Road Update Standards (7). Kentucky DOT also developed Standards for
Road Data Collection Using Global Positioning System Techniques which is used for the
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TABLE 2 Michigan DOT MIRE FDE Collection Plan Schedule

Fiscal

Year Plan Description
2017-2018 | Michigan DOT and MTU will conduct a survey focusing on identification of 1) collected MIRE
FDE and 2) its data format.

2018 Michigan DOT will build a state-level based MIRE FDE repository using GIT that includes server
configuration, a MIRE FDE model, web mapping application, two-way web services, and a
reporting tool. The Unified Work Program (UWP) asks for the participation of metropolitan
planning organizations and regional planning commissions to participate in the state’s outreach
efforts to refine the MIRE FDE collection plan. A main goal of the outreach is to determine the time
and cost required.

2019 Michigan DOT will establish a pilot with a few select partners using the new tools and the data
repository to collect and exchange MIRE FDE. The goal is for Michigan DOT to enhance the MIRE
FDE model, web mapping app, two-way web services, and reporting tools as determined appropriate
from the pilot. Michigan DOT will work with MTU to develop training and outreach materials.
Continued partner participation is the goal in the FY 2019 UWP, details to be determined.

2020-2026 | The first year of MIRE FDE collection occurs in 2020. Roadsoft MIRE FDE webinars and materials
are offered to partners and Michigan DOT. Michigan DOT will engage partners to determine the
best methods and frequency to collect MIRE FDE to ensure that the state is compliant and can report
all the required data by September 30, 2026. Continued partner participation is the goal in the FY
20202026 UWP, details to be determined.

effective data collection with GPS (8). Currently, the Kentucky DOT is planning to develop
average annual daily traffic estimates on local roads where no actual values are being collected.

CONCLUSIONS

MAP-21 requirement of roadway data collection of all public roads based on MIRE FDE denotes
the importance of effective data collection and integration from various sources. State survey and
interview with local agencies indicate the technology advancement, coordination and partnership
among agencies, and the establishment of data format standards and manual are essential for
successful data collection and integration. Identified knowledge gaps include further
investigation of the cost of developing various aspects of the roadway safety MIRE FDE
program, limited state and local resources, and lack of MIRE FDEs for tribal nation roads.

NOTE

1. Colorado, Illinois, Kentucky, Louisiana, Montana, Nebraska, New Hampshire, Nevada, Rhode Island,
Tennessee, and Wisconsin.

2. Kentucky, Illinois, lowa, Louisiana, Massachusetts, New Hampshire, South Dakota, and Vermont.
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Low-volume roads connect between rural areas and markets, and they are crucial parts of
transportation systems. However, traffic volume estimation on low-volume roads is usually
ignored compared to that on high-volume roads. This study developed a four-step travel demand
model (TDM) to estimate average daily traffic (ADT) on low-volume roads in Wyoming. Four
types of trips, including person trips, crop production freight trips, oil production freight trips,
and tourism trips, were evaluated in the model to estimate ADT. The model had a reliable
prediction accuracy, with an R-square greater than 0.8 compared to the actual traffic volumes.
The model outputs indicated that person trips and tourism trips are two main traffic generators on
low-volume roads in Wyoming. Tourism trips play a significant role in Northwest Wyoming,
where Yellowstone National Park is located. Crop production freight trips had impacts on low-
volume roads near farms. The model developed in this study was capable to capture traffic flows
on low-volume roads. The model is recommended for use by government agencies in other states
or regions for traffic prediction and transportation planning on low-volume roads.

INTRODUCTION

Low-volume roads, defined as roads having fewer than 400 vehicles per day, are crucial parts of
transportation systems. They serve as important links between rural areas and markets (1). Low-
volume roads in rural areas have been largely ignored by transportation planning and
maintenance compared to high-volume roads. Traffic volume estimation on high-volume roads
has received much attention from transportation engineers and researchers. However, in recent
years there is a need for reliable traffic volume estimation on low-volume roads focusing on road
maintenance and safety issues (2). A well-designed and maintained low-volume road network is
essential for regional development and resource management. A variety of methodologies have
been used to estimate traffic volumes. Of all the methodologies, a four-step TDM, including trip
generation, trip distribution, mode choice, and trip assignment, has been widely used for
transportation planning. A TDM is a computer-based model used to estimate travel demand and
pattern in future based on a number of factors (3). TDMs are useful tools for transportation
planning purposes. The outputs of TDMs can help decision makers make appropriate
transportation planning decisions.

The applications of TDMs began in the United States in the 1950s. The models consist of
surveys and the development of a computer package for travel forecasting by 1969 (4). They
provide estimates of a number of parameters that can be used in transportation forecasting and
planning. With the introduction of desktop computers, transportation agencies had access to
computing power for developing more sophisticated models. TDMs have been largely used in
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statewide models for estimating traffic demand along regional corridors and for intercity corridor
studies, bypass studies, and statewide system planning applications such as air quality
conformity analysis, traffic impact studies, freight planning, and economic development studies
(5). Most state departments of transportation (DOTs) have developed and implemented four-step
TDMs for large metropolitan areas. However, some of those advanced models are not applicable
for most county or rural roads, which carry a low ADT. Therefore, a TDM that is designed for
low-volume roads is needed for local agencies (6).

The State of Wyoming is facing an energy industry development and a tourism industry
development in rural areas. In the energy industry, the oil and gas production has increased in
recent years. Crude oil production in Wyoming ranks eighth in United States, and in 2016
Wyoming produced 72.6 million barrels of crude oil. Natural gas production in Wyoming ranks
sixth in United States, and in 2016 Wyoming produced 1.80 billion MCF (MCF = 1,000 cubic
feet) of natural gas (7). In the tourism industry, Yellowstone and Grand Teton National Parks in
Northwest Wyoming are among the top 10 most-visited national parks in United States in 2016.
Both Yellowstone and Grand Teton National Parks have experienced increasing visitors in recent
years. Annual visitors to Yellowstone National Park have increased from 3,000,000 before 2000
to more than 4,000,000 in 2017, and annual visitors to Grand Teton National Park have increased
from 2,500,000 before 2000 to more than 3,300,000 in 2017 (8). A transportation management
plan is needed to accommodate the rural roads with the higher traffic volumes (9). To provide a
better estimation of traffic volumes on low-volume roads, the Wyoming Department of
Transportation (WYDOT) funded this study to develop a cost-effective traffic volume estimation
model. A four-step TDM was developed for estimating ADT on low-volume roads in Wyoming.
Person trips, crop production freight trips, oil production freight trips, and tourism trips were
included in the model for estimating ADT. The objectives of this study include (1) identifying
the locations of low-volume roads and estimating traffic volumes on low-volume roads and (2)
evaluating the impacts of different types of trips on traffic volumes on low-volume roads.

LITERATURE REVIEW

Many studies have focused on the estimation of traffic volumes and the various factors affecting
the values. Zhan et al. (10) developed a hybrid framework to estimate citywide traffic volumes.
Their results indicated the effectiveness of the proposed framework in traffic volume estimation
(10). Kwon et al. (11) proposed an algorithm to estimate real-time truck traffic volumes from
single loop detectors on Interstate 710 near Long Beach, California. The algorithm was able to
capture the daily patterns of truck traffic volumes and mean effective vehicle length with only
5.7% error (11). In addition to urban areas and Interstate highways, the issues of traffic volumes
on low-volume roads have also been addressed in some research. Sharma et al. applied artificial
neural networks to estimate average annual daily traffic (AADT) on low-volume rural roads in
Alberta, Canada. They found a number of advantages of the neural network approach in AADT
estimation compared to the traditional approach (12). Karlaftis and Golias developed a statistical
methodology to assess the relationship between rural road geometric characteristics and traffic
volumes on rural roadway accident rates. The methodology they developed allowed for the
explicit prediction of accident rates on rural roads (13). Raja et al. developed a linear regression
model to estimate AADT on low-volume roads for 12 counties in Alabama. Their research
concluded that the linear regression model can be used to estimate AADT on low-volume roads
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for future application (14). Several states in United States have conducted studies on rural roads.
The Virginia Department of Transportation (VDOT) used a trip generation method to estimate
traffic volumes on secondary local roadways. This method allowed VDOT’s staff to identify
eligible traffic links and estimate traffic volumes. There were several benefits, such time and cost
savings, of this method, and VDOT will continue to implement the trip generation method for
estimating traffic volumes on local roads (15). The Arizona DOT developed a Low-Volume
State Routes Study on 22 low-volume state routes to identify opportunities and limitations for
each route. The ultimate goal of this study was to determine the potential for reducing costs to
maintain these routes. This study proposed a guideline for state route management that can be
used by state agencies (16).

A number of factors can affect traffic volumes. Demographic data, including population,
household, and employment, are usually used in TDM (17). To improve the model prediction
accuracy, some other factors were also included in the previously developed models. In addition
to demographic data, Saha and Fricker used some economic factors, such as gasoline price,
Consumer Price Index, and Gross National Product to develop models for rural traffic
forecasting (18). Tourism trips occupy a major part of traffic volumes in Wyoming, especially
near Yellowstone National Park. The use of tourism-related travel data in TDM is one of the
ways for transportation planners to incorporate tourism issues into their forecasting, planning,
and designing processes. More focus has recently been given to the transportation systems in and
near national parks because of the levels of visitor demand exceeding the transportation
infrastructure within many parks (19). Several studies have assessed the cost-effectiveness and
practicality of alternative transportation solutions, including roads, parking, bus services, and
other forms of transit facilities (20). Overall, 42% of the state DOTs and 54% of the other
agencies reported that they regularly make use of tourism travel forecasts. Among the state
DOTs that do make use of tourism forecasts, the dominant use is for transportation planning
(20). In tourism planning, evaluation in new and expanded transportation facilities can serve to
support the operation and development of attractions (such as national parks) and identify needs
for future maintenance.

There is a growing need for developing TDMs for low-volume roads. First, TDMs are
helpful cost-effective tools for evaluating existing low-volume road system, where funding is
limited (12). Second, low-volume roads connect between rural areas to the highway system, and
they are crucial to both local and national economies (21). Third, although low-volume roads
carry less than half of nation’s traffic, they account for more than half of the nation’s vehicle
fatalities, so it is significant to estimate traffic volumes on low-volume roads to address planning
and safety issues (22).

DATA COLLECTION

The TDM inputs usually consist of road networks, demographic data, socioeconomic data, and
land use types (17). The TDM developed in this study included four trip types: person trips, crop
production freight trips, oil production freight trips, and tourism trips. This section will explain
the data collection procedures for each of the four trip types.
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Person Trips

Population, household, and employment data were obtained from the U.S. 2010 Census. The
U.S. census provides the best source for basic demographic data. Three major employment
categories (retail, service, and other) were selected based on the standard industrial classification
system.

Crop Production Freight Trips

For crop location data, a raster image file of crop cover in Wyoming was downloaded from the
U.S. Department of Agriculture (USDA) National Agricultural Statistics Service’s website.
ArcGIS software was used to convert the raster file into a vector file in order to determine the
proportion of areal crop coverage for each crop type. The major crops identified in Wyoming
were hay, alfalfa, winter wheat, corn, barley, beans, sugar beets, and oats. Forsythe et al. (23)
described the transportation of hay and alfalfa to be too complicated to enable their modeling
with the four-step TDM since they can either be stockpiled, distributed with trucks, or even
transported out of the State by trucks. Wheat, corn, barley, beans, sugar beets, and oats can be
modeled easily based on their direct movements from the field to an elevator. The elevators serve
as an interface between the highway and the rail system that transports the products out of the
State. As a result, the areas of wheat, corn, barley, beans, sugar beets, and oats were input into
the model to estimated crop production freight trips. The crops produced are assumed to have a
harvesting season window from July 22 through September 13 (a period of 52 days).

QOil Production Freight Trips

For oil production, the activities generating freight traffic include transportation of water from
freshwater wells to oil rigs, transportation of crude oil from the rig to elevators, and
transportation of waste water to disposal sites. The data needs for estimating the trips generated
by oil and gas activities are (1) oil rig location data including information on monthly oil and
water production in crude oil barrels, (2) location of oil elevators, (3) freshwater well locations
and production, and (4) injection wells. These datasets were downloaded from the Wyoming Oil
and Gas Conservation Commission’s website. Aggregated oil productions in tons, freshwater
demands, and wastewater production were computed. Oil production tons per day were
converted to trucks using a conversion factor of 220 barrels per truck. Freshwater demand in tons
was also converted to trucks and served as the attraction for freshwater wells. The amount of
wastewater produced as a byproduct of oil production was also converted to trucks and
transported to injection wells for disposal.

Tourism Trips

For tourism trip estimation, ADT at national/state park entrances, park areas, and number of
campsites in park were used as model inputs. Figure 1 shows the spatial distribution of national
and state parks as well as road network in the study area. The year of 2014 park visitation data
were used in this study since the actual traffic count data used for model validation were mostly
obtained in the summer of 2014. The National Park Service (NPS) collects visitation data for all
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FIGURE 1 Parks and road network included in this study.

national parks, and the Wyoming State Parks and Historic Sites (WSPHST) collects visitation
data for 25 state parks and historic sites. Parks without visitation data are either due to no public
access or limited management by the WSPHST. Visitation data obtained from the parks were
then converted to ADT values as model inputs.

MODEL DEVELOPMENT

Figure 2 shows the overall model development procedure for estimating traffic volumes. In
addition to input parameters for four trip types, road network data is also required to represent
the transportation system. An ArcGIS shapefile of all roads within Wyoming was downloaded
from the WYDOT website. With the help of aerial photos, the shapefile was reviewed to correct
connectivity issues and to digitize parts of the network that were missing. Additional data on the
roads were obtained and added as attributes of the shapefile. The additional data included the
direction of traffic (one- or two-way roadway), number of lanes, speed, and road functional class.
A four-step TDM, including trip generation, trip distribution, mode choice, and trip assignment,
was developed by Citilabs’ Cube software in this study. Esri’s ArcGIS software was also used to
perform some spatial and network analysis. Three ArcGIS shapefiles: road network,
transportation analysis zones (TAZs), and actual traffic counts were used in the procedure of
model development and model validation. Many parameters need to be considered for model
development, primarily including socioeconomic data, land use types, and roadway networks.
Socioeconomic and land use data are usually arranged into geographic units to design
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FIGURE 2 Overall model development.

TAZs. TAZs are used to create trip generation equations. The design of TAZs in this study was
completed with GIS technology. Figure 3 shows the TAZs and road network in Laramie County.

Trip Generation

The trip generation procedure defines the number of total daily trips at the TAZ level. This
procedure splits each trip into a production and an attraction. Initial trip production and attraction
for person trips were computed from the TAZ attribute data and the trip rates obtained from the
NCHRP Report 365 (24). Trip rates by purpose for each TAZ were calculated for three trip
purposes — home-based work (HBW), home-based other (HBO), and non—home-based other
(NHBO) trips. HBW trips are trips that have one end at home and the other at work. HBO trips
are all trips with one end at home and the other end at any other place other than work. NHBO
trips are those trips that start and end away from home (24). The trip generation equations for the
model are presented in Table 1. A weighted average trip production per household (across all
income levels) of 9.2 was selected from the household trip production rates recommended by the
NCHRP Report 365: Travel Estimation Techniques for Urban. Planning (24). NCHRP Report
365 recommended rates indicating the proportion of average daily person trips by purpose
(HBW, HBO, and NHBO) of 16%, 60% and 24% for the three respective purposes. The
equations for trip attractions were also derived from values recommended by the NCHRP 365
Report. An adjustment factor of 1.3 was determined for Wyoming by comparing traffic volumes
estimated using the NCHRP national parameters to actual traffic volumes in Wyoming.
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FIGURE 3 TAZs and road network in Laramie County.

The trip equations for crop production—related activities were derived using the crop yield
per acre divided by the number of harvest days in a year. The result represents a factor for
determining the tonnage of the crop produced in a day when applied to crop cover area in acres.
This was then converted to trucks by dividing by the tonnage that can be hauled by a truck to
obtain the combined factor for each crop. The combined factor for each crop is shown in the
equations for crop trips indicated in Table 1. The capacities of the crop elevators serve as the
attraction for crop productions.

Oil production and attractions were grouped by the products transported to or from the oil
wells. The trip rate factor converts the amount in barrels per day to trucks per day. The factor is
applied to the data on daily oil and waste water production, and the daily freshwater requirement
data.

Three tourism-related parameters, including ADT at park entrances, park area, and
number of campsites in park, were selected to determine trip rates. The selection of these
parameters was based on their significance, sensitivity, and forecastability, which are
recommended by the Trip Generation Manual (25). The constants (2, 0.2, and 0.27) before each
parameter were obtained from the Trip Generation Manual (25). The constants of 0.22 and 0.78
indicate that 22% of total tourism trips were generated by visitors from Wyoming, and 78% of
total tourism trips were generated by visitors from other states or countries. Those ratios were
obtained from the NPS visitor survey (8).

External trips are trips with one or both ends outside the study area. These trips are
determined for most models to enable balancing the production and attraction trips for the trip
assignment step as well as accounting for trips that leave the study area from within a production
zone or those that end up in an attraction zone from outside the study area. The NCHRP
Report 365 provides an extensive description of how to identify external zones and calculate
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TABLE 1 Trip Generation Equations

Activity Trip Type Equation
HBW 8.125%9.2*0.16*Households
Production HBO 1.3*9.2*0.6*Households
NHBO 1.3*9.2*0.24*Households
Person trips HBW 1.3*%1.45 ’.kEmployme.nt
. HBO 9.0*Retail+1.7*Service+0.5*Other+
Attraction 0.9*Households
4.1*Retail+1.2*Service+0.5*Other+
NHBO 0.5*Households
Crop Production Crops 0.9375*Oats+1.15*Beans+2.484*Corn+1.484*
production Barley+0.5*Wheat
trips Attraction Elevator 1*Elevator Capacities
Oil production 0.01*Qil Production
oil Production Waste water production | 0.01*Waste Water Production
production Freshwater production | 0.01*Freshwater Production
trips Oil elevators 0.01*Rail Elevator
Attractions Waste water production | 0.01*Water Disposal
Freshwater demand 0.01*Freshwater Consumption
0.22*(2*ADT at park entrance +0.2*Park
HBO * :
Tourism trips | Attractions area+0.27*Number of camp sites)
NHBO 0.78*(2*ADT at park entrance +0.2*Park
area+0.27*Number of camp sites)

external trips; however, the procedure is not applicable in this study. In the vast rural study area
of this study, traffic on the rural low-volume roads is generated locally, and most external trips
are external-external through trips that have little impact on the roads of interest to the study.
Thus, external travel was deemed to have no significant impact on the local roadways and was
not considered in developing the model.

Trip Distribution

In the procedure of trip distribution, the trips generated in each zone in trip generation procedure
are then distributed to all other zones based on the choice of destination. This procedure creates a
trip matrix that lists the number of trips going from each origin to each destination. Two main
methods are usually used to distribute trips among destinations: gravity model and growth factor
model. This study applied the gravity model method, derived from Newton’s fundamental law of
attraction, to distribute trips from each origin into distinct destinations. The gravity model is
expressed as follows:

A]f(cl])Kl] (1)

T.. = T.
Y bR ASF(CijKij

where
Tij = trips from i to J;

Ti = trips produced in zone i,
Aj = trips attracted to zone j;
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f(Cij) = friction factor related to travel time; and
Kij = optional trip distribution calibration factor.

The friction factor is expressed as follows:
f(Cj) =a x th x et )
where

a, b, ¢ = constants listed in Table 2 and
tij = travel time between zone i and j.

The constants of a, b, and ¢ were obtained from the Trip Generation Manual (25). Travel
time was calculated by dividing total distance between zone i and j by posted speed limit. For
unpaved roads, a speed of 10 mph was assigned in the model.

Mode Choice

The procedure of mode choice determines the means of travelling. Only the mode of personal
vehicle was considered for personal trips and tourism trips since other travel modes, such as
public transportation, are not significantly represented in the study area. For crop production
freight trips and oil production freight trips, only the mode of truck was considered. In this
procedure, average vehicle occupancies were used to create the trip matrix of personal and
tourism trips. Table 3 lists auto-occupancy rates for personal and tourism trips.

TABLE 2 Coefficients Used in Equation 2

Activity Trip Type a b c
HBW 28,507 0.02 0.123
Person trips HBO 139,173 1.285 0.094
NHBO 219,113 1.332 0.100
i _ HBO 24,108 0.032 0.158
Tourism trips
NHBO 26,544 0.156 0.188

TABLE 3 Auto-Occupancy Rates

Activity Trip Type ‘ Auto-Occupancy Rates (Persons/Vehicles)
HBW 1.11
Person trips HBO 1.59
NHBO 1.43
Tourism trips HBO and NHBO 3.04
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Trip Assignment

The trip assignment procedure allocates a given set of trip interchanges to the specified
transportation network. In this procedure, the traffic volumes on each road segment will be
estimated, and the travel patterns will be analyzed. This procedure calculates the shortest path
from each zone to all the other zones. The assigned number of trips are compared to the capacity
of the road to see if it is congested. If a road is congested, the trip routes are changed to result in
a longer travel time on that road. The whole process is repeated several times until there is an
equilibrium between travel demand and travel supply.

RESULTS

Model Outputs

Figure 4 shows the spatial distribution of low-volume roads (ADT < 400) and non—low-volume
roads within the study area. Only low-volume roads were future analyzed. Figure 5 shows traffic
volumes on low-volume roads. Most low-volume roads in Wyoming have an ADT smaller than

200. Some low-volume roads near metropolitan areas and tourism destinations have relatively
high ADT.

FIGURE 4 Low-volume roads versus non—-low-volume roads.
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FIGURE 5 ADT for low-volume roads.

Figure 6 presents ADT from four trip types included in the model. It can be seen that
person trips and tourism trips are two dominant trip types on low-volume roads in Wyoming.
Crop freight-related ADT values are high in Southeast Wyoming and Northwest Wyoming.
According to the USDA Annual Statistical Bulletin (26), Southeast Wyoming is the main area
for cultivating corns and wheat, and Northwest Wyoming is the main area for cultivating barley
and beans. Almost all low-volume roads in Wyoming have an ADT smaller than 50 from oil
freight-related trips. Tourism-related ADT are higher near Yellowstone National Park, Devils
Tower National Monument, and some popular state parks in Southeast Wyoming.

Model Validation

Once the four steps are completed, the model provides planners with a picture of existing travel
patterns. The results are then given a reality check to make sure the traffic volume estimations
make sense. In this study, traffic volume data generated by the model were compiled and
compared to actual traffic volumes on 542 selected roads in Wyoming. Figure 7 shows the
spatial distribution of actual traffic counters and their ADT values. The majority of the actual
traffic counts were obtained during the summer of 2014. The duration of actual traffic counts
ranged from 5 to 10 days. The actual traffic counts were then converted to the ADT values for
validation purposes.

An R? value that indicates the percentage of the variation in the actual traffic volumes
that is explained by the model was used to validate the model. The overall R? of the model is
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FIGURE 6 ADT from different trip types.

FIGURE 7 Actual ADT values for model validation.
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0.86, which indicates that the model is capable to predict traffic volumes on low-volume roads.
Table 4 listed R? values for each region. The TDM performed best in Region 2 and did not
perform as well as other regions in Region 1, which consisted of many actual traffic counts on
unpaved roads.

Although the TDM well predicted ADT, there are some factors that should be considered
in using the model and its results:

1. The model estimates are not applicable to urban roads including low-volume roads
that leads directly to or within an urban area.

2. The model estimates are not applicable to interstates and state highways.

3. The model estimates are for the higher summer traffic volumes only, since park
visitation data from peak season (May to October) was input into the model.

CONCLUSIONS

Traffic volume estimation is essential to a reliable transportation planning program. Not all roads
can be installed traffic counters to record traffic volumes. As a result, it may be desirable and
useful to establish a method to determine traffic volumes on low-volume roads. A four-step
TDM for estimating ADT on low-volume roads was developed in this study by using a variety of
variables. Four types of trips, person trips, crop production freight trips, oil production freight
trips, and tourism trips were evaluated to make use of available data and to provide reliable
traffic volume estimates. Detailed TAZs were developed to enable traffic distribution to smaller
local roads. Urban trip rates published in the NCHRP Report 365 were utilized in estimating the
person trip productions and attractions from population and employment data. For freight trips
related to agricultural crop production activities, crop cover data were obtained from the USDA
to compute the tons of crops produced in each TAZ with crop elevators serving as the attractions
for the crops produced. For freight trips associated with oil production activities, data on location
of oil wells, freshwater wells, injection wells, and oil elevators were used to estimate trips
production and attraction at each TAZ. For tourism trips, ADT at park entrances, park area, and
number of campsites in each park were used to estimate tourism-related trips. The combined
trips from all four activities were distributed among the TAZs and assigned to the routes between
pairs of TAZs to generate traffic volume estimates on the road network.

This study shows the significance of predicting traffic volumes on low-volume roads for
transportation planning and maintenance. The model can be easily incorporated into the existing
statewide TDM. This study also adds to the existing knowledge on the estimation of traffic
volumes by TDM in rural areas. Previous studies mainly focused on estimating traffic volumes

TABLE 4 Model Validation Results.

Number of Actual Traffic Counters

Region R? On Paved Roads On Unpaved Roads
1 0.81 57 270
2 0.93 36 35
3 0.88 43 33
4 0.84 42 26




188 TR Circular E-C248: 12th International Conference on Low-Volume Roads

in urban areas and Interstate highways. The model developed in this study can be used to
estimate ADT in the rural areas where not enough traffic counters are installed. The model is
recommended for upgrade after each census by the U.S. Census Bureau. Updating the model
every ten years will ensure that the model is not using outdated census data and its predictions
match closely with the actual traffic volumes on the low-volume roads in Wyoming. Spikes in oil
and gas activities as well as tourism activities may also require model updates. The model
developed in this study is recommended to be applied by government and tourism agencies in
other states or regions when certain types of trips are known as major generators of traffic flow
on low-volume roads.
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Annual average daily traffic (AADT) is a critical input to many key components of
transportation activities. Accurate AADT data are vital to the calibration and validation of
travel demand models, roadway improvement funding allocations, and safety performance
evaluations. Lack of AADT information on low-volume roads (LVR) is a common problem
facing public transportation agencies everywhere in the United States. Traffic volumes on these
roads are generally fairly low, and vehicle miles traveled on these roads are much less compared
with that on other roadways. Thus, regularly conducting traffic counts is not economically
feasible for LVR. This paper introduces an AADT estimation methodology with the statistical
and pattern recognition methods. By using available traffic counts on selected roadways and four
variables (namely population, job, and distance to intersection and to major state highways at
block level), a training set to estimate roadway AADT for eight parishes was obtained by the
support vector regression method. This pattern recognition method yields reasonable AADT
estimates for LVRs. Sensitivity analyses indicates that the parish-specific (county-specific)
model works better than an aggregated single model.

INTRODUCTION

Annual average daily traffic (AADT) is the average 24-h traffic volume at a roadway segment over
an entire year. AADT is a key input to many activities of the state departments of transportation
(DOTs), such as roadway planning, design, traffic operation, pavement maintenance, air quality
assessment, revenues from the roadway user fees, and roadway safety evaluations. Accurate AADT
data are vital to the calibration and validation of travel demand models. AADT is also used to
estimate statewide vehicle miles traveled on all of the roadways and is used by governments and the
environmental protection agencies to determine compliance with the Clean Air Act Amendment.

The DOTs and local transportation agencies traditionally use AADT count programs to
collect traffic information. The focus of these traffic count programs is on higher classes of
roadways, which consists mainly of interstates and arterials. Due to the budgetary and
administrative constraints, regular traffic counting is only conducted on state highways network
(generally every 3 years). The traffic counting for LVRs is highly selective and irregular. Most of
the major cities in Louisiana, such as New Orleans, Baton Rouge, Lafayette, and Lake Charles,
have the traffic volume data collected or estimated by their respective metropolitan planning
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organizations. Other nonstate roadways in rural and small urban areas do not have an AADT
collection or estimation programs. Since approximately three-fourths of all roadway mileage in
Louisiana is nonstate maintained by local governments (parishes, i.e., counties and municipalities),
estimating AADT on nonstate roadways is important. With increased emphasis on nonstate
roadway safety and publication of the Highway Safety Manual (HSM), AADT is becoming a
“must-have” element in roadway safety evaluation. Lack of AADT information hinders roadway
safety assessment and makes it hard to develop cost-effective safety improvement projects.

LITERATURE REVIEW

Due to the strategic importance of AADT, many state DOTs have established methods to
estimate AADT for roadways that do not have regular traffic counts. The most noteworthy state
practices on the AADT estimation are summarized in Table 1.

The literature review on the state of the modeling techniques reveals that two methods are
widely used in estimating AADT: statistical model and pattern recognition. Statistical models
were developed through the use of linear regression, parcel-level trip generation, and spatial
grids, with the latter two being more related to this study. Although statistical models are

TABLE 1 Summary of Most Noteworthy State Practices

State Analysis Unit Scope Method
Alaska Densities of built tax parcels Local urban roadways Geographic information
system—based linear
regression model and
parcel data analysis
Florida Block-level data and densities of | Urban and rural Linear regression
built tax parcels locations with a analyses to identify
permanent traffic possible factors
monitoring site contributing to the
seasonal fluctuations in
traffic volumes
Kentucky By functionally classified Collector roads and Random sampling
collector roads and local roads, local roads procedure
minimizing the level of effort
required to estimate traffic
volumes on local roads
Pennsylvania | Stratification of locally owned Local roads owned by Sampling method
roads for traffic data collection municipalities
Texas Selected traffic count sites Local roads Random count site
randomly on local streets, selection
resulting in a statistically valid
estimation of local street vehicle
miles traveled
New York Sample-based count program Locally owned, non— Sampling method
representing geographic Federal-aid highways
distribution, functional
classification, and volume group
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relatively easier to interpret, these models can only be used at an aggregated level. Machine
learning or pattern recognition approaches like artificial neural network, decision trees,
clustering, support vector machines (SVM), and fuzzy algorithms are also widely used in
estimating AADT. A summary of the state of the art of the methods of AADT estimation is listed
in Table 2.

To the authors’ knowledge, there is little practical application in AADT estimation for
LVRs. The current study aims to mitigate the current research gap.

METHODOLOGY

This study introduces the Support Vector Regression (SVR) technique to estimate AADT in
nonstate roadways. The majority of LVRs are nonstate roadways. The Louisiana Department of
Transportation and Development (LADOTD) maintains traffic count in few count stations for
nonstate roadways throughout the state. The available traffic count from the count station is used

TABLE 2 Summary of Important Research on AADT Estimation of Local Roadways

Division Methods Advantages Disadvantages \ Reference
Regression Easy to group, highly | Ignoring the difference 2-5
method aggregated, and easy | among roadways in the save

in application classification group
Travel demand | Update of data at Need number of parcelsto | 6
modeling least annually which | be preprocessed to improve
method at tax makes possible to the model’s efficiency
) parcel level update the AADTs in
Parametric response to lane use
Statistical changes
methods - -
Stratification Better results than the | Not useful when the 7
method traditional sampling | population cannot be
methods exhaustively partitioned
into disjoint subgroups
Kriging Less error and Ignoring the difference 8
methods statistically within each roadway
significant classification
Clustering and Analyzing AADT for | No specific models 9,11
regression trees | roadways with
similar characteristics
Support vector | Highly aggregated at | Ignoring the difference 10
Pattern : : e .
.. regression with | county by rural and inside a large geographic
Recognition data dependent | urban with good area or roadway class
Methods parameters results
Fuzzy theory Consideration of Pre-defined aggregated 12
and neural uncertainty roadway group
network
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as parish-specific training data. This method predicts parish-specific U.S. Census block-level
AADT based on the distribution of the training data and performs better than conventional
statistical methods. Eight mostly rural parishes (a county is called a parish in Louisiana) are
selected for this study based on their population, accessibility to interstate and U.S. highways,
and the number of traffic count stations as shown in Figure 1.

A preliminary data exploration was first conducted to examine the important factors that
may contribute to AADT. All potential variables were obtained from several sources: (1)
LADOTD-collected AADT data on nonstate roadways, (2) U.S. Census block-level data
(population and household), (3) employment data from Longitudinal Employer-Household
Dynamics, and (4) the shortest distance measurement based on the ArcGIS files (13). The
database was developed based on the process illustrated in Figure 2.

An SVM is a learning machine that executes the structural risk minimization inductive
principle to attain good generalization on a limited number of learning patterns. Vapnik et al.
originally developed this theory on a basis of a separable bipartition problem at the AT&T Bell
Laboratories in 1992. The basic idea of SVM is to map the data X into a high-dimensional feature
space F via a nonlinear mapping and to perform linear regression in this space. The support
vector algorithm can also be applied to regression, maintaining all the main features that
characterize the maximal margin algorithm: a nonlinear function is learned by a linear learning
machine in a kernel-induced feature space, while the capacity of the system is controlled by a
parameter that does not depend on the dimensionality of the space. An overview of the basic
conception underlying SVR and function estimation has been given in two papers (14, 15).

FIGURE 1 Eight selected parishes in Louisiana.
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FIGURE 2 Data development process.

SVR is one of the most common application forms of SVMs. First, consider a training
dataset {(x1,¥1)eevvnn... (%, V) € X X R }, where R denotes the space of the input patterns
(e.g., X = RY). In &-SV regression, the target is usually to find a function f(X) that has at most &
deviation from the actually obtained targets yi for all of the training dataset. The other target is to
make it as flat as possible. So, errors less than € are acceptable, but no deviations larger than this.
The linear function f(X) can be described as follows:

f(x)=(w,x)+b with® €X,b € R (1)

where <> denotes the dot product in K. Flatness in Equation 1 means smaller w. To obtain this
we need to minimize the Euclidean norm ||a)||2 Formally, this can be considered as a convex
optimization problem by fulfilling the condition
I ST
minimize —
o

subject to y; —(W,X)—b<e and (w,x)+b-y, <e 2)

The convex optimization in Equation 2 is feasible in cases where f actually exists and
approximates all pairs (Xi, Yi) with € precision. At times, some errors are usually allowed. There
is a need to introduce slack variables ¢ £ to handle otherwise infeasible constraints of the

optimization problem in Equation 2, the formulation will be
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minimize %"w"erCZ(f. +&)
Y (W, x)—b<e+¢

subject to <W xi>+ b-y <e+ é:i* (3)
$ingi 20

The constant C > 0 defines the trade-off between the flatness of f and tolerance of

deviations larger than €. The e-intensive loss function |§€can be described as

| oo ifjE<e
41, _{|§| — & otherwise @

The dual formulation provides the key for extending SVM to nonlinear functions. The
standard dualization method using Lagrange multipliers can be equated as follows:

L:%”wnz +Ci(§i +§i*)_i(“+§i =i +<a)’xi>+b)_iai*(8+§i* TYi _<a)’xi>_b)_
> ®

The dual variables in Equation 5 is needed to satisfy positivity constraints, i.e.,
a,,a ,n,,n; = 0.ltfollows from saddle point condition that the partial derivatives of L with

respect to the primal variables (@,b,¢,, &) have to vanish for optimality condition.

oN & .

%-izzl:(ai —;)=0 ©)
g—lz):w—g(ai* —;)x; =0 (7
oN =C-a"-n"=0 8

aé:i* 1 1
The dual optimization problem after using Equations 6, 7, and 8, by maximizing
1 * * * *
_EZi,j=1(ai —a;) (a]- - aj)(xi,xj) —edis (o +ai) + XL yila; — af) (9)

The Equation 9 subjects to }iL (@; — a;) = 0,anda;, a; € [0, C]. Dual variables 5, »;
through condition 8 have been eliminated for deriving 9. Equation 7 can be rewritten as follows:
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a):zn:(ai*—ai)xi = f(x)= zn:(ai — ;) )(X;,X) +b (10)

This is known as the support vector expansion, i.e., ® can be completely described as a
linear combination of the training patterns x;. The standard SVR to solve approximation problem
can be written as:

fx) =X (@ —a)k(x;,x) +b (11)

where, %> and ¥ | are Lagrange multipliers. After the initial data exploration, the following
variables were selected for the model development:

e Total population: the total population of a census block with traffic count;

e Total jobs: the number of jobs in a census block with traffic count;

e Distance from Interstate: the shortest distance (in miles) between the count location
and interstate access point (on-ramp merge with mainlines); and

e Distance from a major (U.S.) highways: the shortest distance (in miles) between the
traffic count location and the intersection with a major highway.

Because of the variations in each selected variable and in the characteristics of the parish
(e.g., demographic and interstate access), parish-specific models and integrated parish models
were developed. The integrated parish models are for all parishes with and without direct
interstate access.

The open source R software package “e1071” was used to develop the AADT estimation
models with the SVR techniques (17). The “e1071 library” contains implementations for a
number of statistical learning methods. A cost argument allows specifying the cost of a violation
to the margin. When the cost argument is small, the margins will be wide, and many support
vectors will be on the margin or will violate the margin. When the cost argument is large, the
margins will be narrow, and there will be few support vectors on the margin or violating the
margin. To fit an SVM with a radial kernel, kernel = “radial” was used. To specify a value for
the radial basis kernel, gamma is used. In the AADT estimation, the following parameters were
used (after performing several trial-and-error runs to get the best prediction):

SVM-Type = eps-regression,
SVM-Kernel = radial in this study,
Cost =100,

Gamma = 1, and

Epsilon =0.1.

SVR can enhance prediction accuracy and provides an efficient way to compute
parameters. The quality and performance of the SVR models depend on the setting of three
parameters: kernel type, value of the penalty for excess deviation during training (C), and error-
term value for the e-insensitive loss function (¢). In addition, the number of support vectors is
determined before running the SVR analysis. Once all parameters are determined, R is used to
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run the SVR analysis. Also, the values can be graphically summarized to better analyze the
results since the initial estimated values are not shown in the script window in R.

RESULTS

Figure 3 and Figure 4 show the estimated AADT versus traffic counts for eight parishes. The
points on the diagonal line indicate a perfect match between the predicted and observed. Two
lines placed on each side of the diagonal line represent the difference between the predicted and
observed in the 100 and 200 ranges. Compared to the models that were explored initially, the
SVR model yields much better results. Neither Poisson nor Negative Binomial models tried with
the same data produced more than 30% of match with the observed AADT.

It is clear that the SVR model tends to underestimate the AADT at higher observed traffic
count values and somewhat overestimate the AADT at lower traffic count values. However the
SVR model does capture the majority of traffic counts as shown in Table 3. Within the =100
bandwidth, the coverage runs from the minimum 64% to the highest 82%. Within the +200
bandwidth, the coverage runs from the lowest 78% to the highest 91%. This close match
provides great hope for getting AADT for the intended applications in transportation planning
and traffic management, as well as in roadway safety evaluation with the HSM considering
AADT is hard to come by on LVRs. All other models explored can only research the 30%—40%
match. No previous studies on the AADT estimation revealed such results at the disaggregated
level. Again, the majority of the previous studies estimated AADT at a much aggregated level,
such as by roadway functional classification.
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parishes with direct interstate access in rural areas.
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FIGURE 4 Predicted AADT versus observed AADT for
parishes without direct interstate access in rural areas.

TABLE 3 Results Evaluation for Nonstate Rural Highways

Presence of Within £100 vpd Within £200 vpd

Interstate  Sample Support Boundary B Boundary
Roadways Size Vectors Count Percent Count Percent

Acadia Yes 464 419 380 82% 413 89%
Avoyelles Yes 481 422 391 81% 425 88%
Natchitoches | Yes 453 378 373 82% 406 90%
Webster Yes 380 344 310 82% 333 88%
Claiborne No 335 295 283 84% 310 93%
Franklin No 431 376 304 71% 357 83%
Vermilion No 447 401 298 67% 368 82%
Washington | No 740 634 477 64% 581 79%
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Figure 5 and Figure 6 show the estimated AADT versus traffic counts for LVRs in small
urban areas. Similarly, the points on the diagonal line indicate a perfect match between the
predicted and observed. Two lines placed on each side of the diagonal line represent the
difference between the predicted and observed in the 100 and 200 ranges. Compared to the
models explored initially such as the Poisson and Negative Binomial models, the SVR model
yields better results. However, comparing with the results for the rural areas, the predicted results
for the small urban areas are as good as the predicted AADT for the rural roadways. As shown in
Table 4, the percentage match between the observed and predicted is given. Within the +£100
bandwidth, the coverage runs from the minimum 63% to the highest 100%. Within the £200
bandwidth, the coverage runs from the lowest 74% to the highest 100%.

CONCLUSIONS

This study applied SVR to estimate traffic volumes on LVRs in rural and small urban areas in
eight Louisiana parishes. The findings show that SVR performs better than Poisson and Negative
Binomial models in AADT estimation in rural and small urban areas. The estimated AADT are
sufficiently accurate for transportation planning and roadway safety evaluation purposes. The
developed method tends to underestimate AADT for roadways observed with traffic count higher
than 1,500 per day, which is not a concern of LVRs. There are significant differences in the
estimated AADT among the parishes, thus parish-specific models should be developed. AADT
estimation by nature is highly stochastic. AADT estimation for nonstate roadways in small urban
areas also yield satisfactory results.
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FIGURE 5 Predicted AADT versus observed AADT for
parishes with direct interstate access in small urban areas.
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FIGURE 6 Predicted AADT versus observed AADT for
parishes without direct interstate access in small urban areas.

TABLE 4 Results Evaluation for Nonstate Roadways in Small Urban Areas

Presence of Within £100 vpd Within £200 vpd
Interstate Sample | Support Boundary Boundary
Parish Roadways Size Vectors Count Percent Count Percent

Acadia Yes 114 104 72 63 % 84 74%
Avoyelles Yes 46 46 36 78% 36 78%
Natchitoches | Yes 44 38 39 89% 41 93 %
Webster Yes 167 153 118 71% 137 82%
Claiborne No 5 5 5 100 % 5 100%
Franklin No 55 54 47 85% 49 89%
Vermilion No 73 69 46 63% 54 74%
Washington No 49 47 34 69% 39 80%

The method is not without limitations. One of the major drawbacks of the SVR modeling
technique is the absence of a structural equation for easy interpretation. An association between
response variable and predictors is hard to explain in machine learning models like SVRs. New
techniques like partial dependence plots (PDP) can be used in interpreting the results. Future
studies can focus on the application of PDPs in SVR interpretation.
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INTRODUCTION

Unsealed roads account to a significant portion of road networks 40% to 60% for developed
countries, where developing countries often have unsealed roads in excess of 80%. Sealing these
networks is not always economically warranted, nor is it necessary as it remains a sustainable
surfacing option for low volume roads (1).

The planning and maintenance regimes of these roads vary vastly depending on the
prevailing climatic conditions, geology and institutional resourcing availability. For developing
countries with constraint funding, the focus is mainly on providing nearly all-weather access,
while maintenance investment is prioritized on a socioeconomic basis. Therefore, roads that
could stimulate the economy, such as farming connector roads will have higher priority than
local residential access roads (2). With stronger economies the focus shift towards optimizing the
resourcing on the basis of the whole-of-life agency costs and sometimes road user cost—benefit
analyses (3). In developed economies, there is more emphasis on customer satisfaction, which
creates tension between proving a good level-of-service, while preserving resources at a
sustainable level (4). The challenge under these circumstances is to have sufficient evidence that
the investment is at appropriate levels. This paper proposes a framework that uses customer
feedback, material properties, and a thorough understanding of maintenance achievement in
order to manage unsealed roads in a sustainable manner. It is recognized that the management of
unsealed roads considers a number of factors such as traffic volume, material characteristics,
economic returns, and environmental considerations. The scope of this paper only considers the
interaction of user satisfaction and maintenance effectiveness. Although targeting developed
economies and adequately maintained unsealed road networks, the application is of value for
most other networks.

RESEARCH METHODOLOGY
The objectives of the research were to:

e Understand the relationship between customer complaints and maintenance frequency;
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e Quantify the exact impact of maintenance activities, in particular, grading activities;
and
e Establish the overall road performance, given specific material properties.

The research was undertaken in two geographical locations in New Zealand. Network
level analyses and customer complaints were undertaken in the Central Otago District Council
(CODC), while specific maintenance analyses were undertaken as part of unsealed road trials in
Kaipara District Council. The data consisted of

e (Customer feedback sourced from the customer complaint help line, maintenance
records, and material properties on the CODC data; and

e Maintenance records, material properties, and roughness data recoding using
cellphone technology. (Note, this authority does not collect a visual assessment of roads due to
the rapid change in road conditions due to changing weather patterns.)

FINDINGS

Analyses outcomes from the analyses on the customer complaint data have revealed the
following trends on the total number of complaints.

e Road users often complain when something changes from what they are used to.
These changes may be the frequency of grading, the type of grading, the grader operator, or the
condition of the road.

e There was a weak correlation to a median roughness level and complaints, while there
was a stronger relationship to peak roughness and number of the complaints, suggesting people
will often complain about isolated rough areas on the road.

e Road users mostly complain about the occurrence of roughness and potholes.

A further analysis was also completed on the timing of complaints following grading
activities. Five-year historical data was used to plot how long it took (number of days) before
road users complain about condition following a graded activity (Figure 1). For these analyses,
only the top five roads attracting the highest rate of complaints were considered. The time to
complaints was also related back to the quality of the material as classified in the Paige-Green
Charts (5). On the figure, the outlier (Gimmerburn Waiapata Road) was excluded from the
analyses as this road is only a back-country track with very low traffic volume (annual average
daily traffic <20). Observations from the figure include the following:

e There is a high percentage of complaints (25th percentile) that are instantaneously
following grading activities for most roads.

e Higher-quality material roads (with ideal material properties indicated by the two
blue bars) show a high distribution suggesting that most users will take longer to complain about
roughness on these roads. This suggests that higher-quality material roads perform better in the
long run, thus taking longer for people to complain.
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FIGURE 1 Understanding when users complain.

The second part of the research was to investigate the specific impact of grading operations
across three trial sections. The outcome from one of the sections is illustrated in (Figure 2). It
shows the roughness changes over time as a function of rainfall, maintenance and two types of
grading operations: a standard grade (blue dots) and a wet-roll-and-grade (red dots).

e Some grading activities may result in a higher roughness level directly following the
activity (see September 2016 to October 2016). This is often the case with shape correction or
“deep grades” with the intention of significantly mixing the pavement material. This result may
explain some of the observation on networks where road users complain about roughness directly
following grades.

e Under the wet condition, the road could become smoother purely as a result of vehicle
loading. (This trend obviously depends on the material see January 2017 to April 2017).

e The impact of storm events on the unsealed road performance is significant, especially
when the storm intensity causes erosion (see April and June 2017).

Observations from the figure include the following:

e The grading activities do not always result in a reduction of the mean roughness but do
narrow the distribution and extreme roughness ends (see October 2016 to November 2016 and
April 2017 to June 2017).

e Some grading activities may result in a higher roughness level directly following the
activity (see September 2016 to October 2016). This is often the case with shape correction or
“deep grades” with the intention of significantly mixing the pavement material. This result may
explain some of the observation on networks where road users complain about roughness directly
following grades.

e Under the wet condition, the road could become smoother purely as a result of vehicle
loading. (This trend obviously depends on the material see January 2017 to April 2017).

e The impact of storm events on the unsealed road performance is significant, especially
when the storm intensity causes erosion (see April and June 2017).
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FIGURE 2 Roughness given maintenance and rainfall.

SUMMARY AND CONCLUSIONS

This research investigated the value from customer complaints, material properties, and a
detailed understanding of the achievement of maintenance activities as primary evidence into
investment decisions for unsealed roads. For example, a grading strategy could be developed to
satisfy road user requirements plus adhere to sustainable maintenance intervention to ensure
optimal use of gravel sources.

The research has concluded that a good understanding of when customers complain is
needed before the feedback could be used directly as an input into decisions. The research further
demonstrated that the outcome from grading event could be highly variable. Specific change or
reduction in roughness as a result of grading is not always predictable. However, once an
understanding of these dynamics is established, it is highly effective to drive maintenance
regimes and investment levels. The research also re-confirmed some well-established
fundamentals in managing unsealed roads including:

e Appropriate material selection is crucial to yield the best performance of unsealed
roads.

e The quality of grading (grader operator skills) has a significant impact on the overall
effectiveness of unsealed roads maintenance.

e The performance of unsealed roads during rainfall events strongly depend on the
adequacy of drainage in combination with the material properties.

e Sealing of unsealed roads is only warranted when traffic volume increases above an
economic threshold or where other options do not provide desired outcomes.

e Choosing the right maintenance strategy at any given point of time will impact on not
only the immediate condition outcome but also the medium to the long-term performance of the
road section.



206 TR Circular E-C248:12th International Conference on Low-Volume Roads

AUTHOR CONTRIBUTION STATEMENT

The authors confirm contribution to the paper as follows: Study Conception and Design:
Henning (40%), Muir (30%), Bartlett (30%); Data Collection: Muir (40%), Bartlett (40%),
Robertson (10%), Thom (10%); Analysis and Interpretation of Results: Henning (10%), Muir
(10%), Bartlett (10%), Robertson (35%), Thom (35%); Draft Manuscript Preparation: Henning
(60%), Muir (10%), Bartlett (10%), Robertson (10%), Thom (10%). All authors reviewed the
results and approved the final version of the manuscript.

REFERENCES

1. Henning, T. F. P, C. R. Bennett, and P. Kadar, Guidelines for Selecting Surfacing Alternatives for
Unsealed Roads. Transportation Research Record: Journal of the Transportation Research Board,
No. 1989, 2007, pp. 237-246. https://doi.org/10.3141/1989-69.

2. Espinet, X., and J. Rozenberg. Prioritization of Road Intervention in Nampula and Zambezia,
Mozambique. The World Bank Group, 2017.
http://pubdocs.worldbank.org/en/886991492555333953/Unbaked-wired-March-2017.pdf.

3. Jones, D., P. Paige-Green, and E. Sadzik. Development of Guidelines for Unsealed Road Assessment.
Transportation Research Record: Journal of the Transportation Research Board, No. 1819, 2003, pp.
287-296. https://doi.org/10.3141/1819a-42.

4. Henning, T., A. McCaw, and N. Bennett. Assessment Process for the Condition of Unsealed Roads.
NZ Transport Agency Research Report 652, 2018.

5. Paige-Green, P. The Influence of Geotechnical Properties on the Performance of Gravel Wearing
Course Materials. PhD thesis. University of Pretoria, South Africa, 1989.



PLANNING AND ECONOMICS

A Novel Performance-Based Economic Analysis Approach
Case Study of lowa Low-Volume Roads

SAJJAD SATVATI
JERAMY ASHLOCK
ALINAHVI
CHARLES T. JAHREN
BORA CETI
HALIL CEYLAN
lowa State University

pproximately 110,000 km (68,400 mi) of granular roadways exist in the 183,500-km

(114,000-mi) road network in the state of lowa, and operation and maintenance of these
roadways costs roughly US$270 million annually. The major maintenance costs of these roads
are aggregate cost and hauling costs from the quarry to the site. Accordingly, acquiring a cost-
effective and high-performance surface material to be utilized in granular roadways can be a
challenge. In this study, three conventional granular roadway materials and four coarser
aggregate materials from different quarries were used to construct seven test sections to assess
their relative performance and costs. The first three test sections were constructed with
conventional materials, and the other four sections used optimum mixtures of the four coarse
aggregate materials with the local conventional aggregate. The long-term performance and
mechanistic behaviors of the different surface materials, including stiffness, changes in ride
roughness, and dust production were evaluated for a period of 2 years. Using the resulting data, a
mechanistic life-cycle benefit—cost analysis approach was developed to evaluate the use of
coarse aggregate materials on granular roadways. The stochastic benefit—cost analysis results for
different aggregate materials are presented in the form of probability density functions. Two
different scenarios are presented based on the field test results, and the benefits in terms of dust
production and surface ride quality are evaluated for each section.

INTRODUCTION

The quality of granular roadway materials (e.g., abrasion resistance, freeze—thaw durability) is
very important since common surface deteriorations such as material loss, gradation change, loss
of crown, surface erosion, rutting, and potholes can be directly related to the quality of the
materials used in these roadways (1). Granular material sources such as aggregate quarries
produce aggregates with different qualities and different prices. Moreover, depending on the
location of the quarry the total cost of obtaining a given aggregate could vary significantly due to
the hauling costs. Therefore, finding a cost-effective high-quality aggregate source (with a
balance between quality and hauling costs) is a common concern and challenge for construction
and maintenance of granular roadways.

Since hauling of high-quality aggregate from greater distances increases construction and
maintenance costs significantly, it is important to assess the benefits of using these materials for
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construction of granular roadways, and determine if they can sustain performance for longer
durations and with less maintenance. More frequent maintenance activities on granular roadways
may require road closures which would increase maintenance costs (2). In addition, low-quality
aggregates could result in greater vehicle operating costs (e.g., reduced fuel consumption,
increased wear, and damage). Moreover, low-quality aggregates will generally abrade faster,
thus producing more dust which can penetrate into engines and other vehicle components,
resulting in greater wear rates and more frequent maintenance (3, 4).

There is a lack of high-quality aggregate sources in United States, particularly in the
Great Plains region. For instance, previous studies reported that aggregate sources northeast lowa
have higher-quality aggregates than other regions such as the west and south portions, requiring
the use of only half as much aggregate for comparable roadway performance (5-7).

Stiffness, dust, and surface roughness are three main factors in the evaluation of the
serviceability of granular roadways and can serve as quality assurance—quality control (QA/QC)
parameters. Evaluating the performance of the granular roadway layers by nondestructive tests is
inexpensive due to their availability and low operation costs (1-4). There are several
nondestructive test methods for stiffness measurements of granular roads. These include
multichannel analysis of surface waves, falling weight deflectometer, automated plate load test,
and lightweight deflectometer (LWD) tests. Among these tests, LWD is the most commonly
used for measuring the stiffness of unbound granular surface layers due to its relatively low cost
in terms of equipment and labor required (5, 6). In order to measure the amount of dust produced
in the road, a quantitative dust measuring device has been developed that is commonly used as a
repeatable and reproducible method (7—9). Moreover, measuring the International Roughness
Index (IRI) by smartphone as a simple and low-cost solution to evaluate the surface roughness is
growing rapidly while other traditional methods such as profilometers are expensive and labor-
intensive (10, 11).

Approximately 50% of the total road network in the United States is composed of
granular roads. Although literature on the importance of maintenance for paved roads is vast, this
is not the case for granular roads (7). Because granular roadways provide access for rural areas,
mostly for transportation of agricultural products, sustainability of these roads is very important
to the economy of the United States (4). Since operation and maintenance of these granular roads
costs roughly US$270 million annually (7), economic analysis is helpful to determine the cost-
effectiveness of transporting materials from high-quality sources to replace low-quality local
materials in granular road construction and maintenance (18-21).

Benefit—cost analysis (BCA) is an assessment of decisions based on the consequences
(benefits and drawbacks) in accordance with them (22). BCA evaluates the benefits of using
different alternatives instead of using a base case, by calculating the benefit—cost ratio (BCR)
which is defined as the ratio of the present value of benefits over the service life of the project to
the present value of the initial and future costs (23, 24). BCA is closely dependent on many
important decision-making factors. Therefore, to define the benefits properly requires a deep
oversight of the project and exact knowledge of the costs.

While there have been extensive mechanistic-based performance studies on low-volume
roads (5, 25-31), and some have studied the economic performance of these roads (7, 21), to the
best knowledge of the authors, performance-based economic studies of granular roads have not
yet been investigated in detail. This paper presents a performance-based life-cycle benefit—cost
analysis (LCBCA) method for comparing economic performance of granular roads constructed
in rural road systems. Monetizing resilience benefits of higher-quality aggregate in a LCBCA
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framework provides an assessment of broader benefits from such materials and contributes to
building more-resilient and sustainable infrastructure. In this study, a granular road was defined
as a two-lane local road with a granular surface, with traffic of less than 400 average daily
vehicles and providing access for areas with low population density (32). In this study, seven
different surface aggregate materials were collected from four different lowa quarries and
different performance measures were tested over a 2-year period. Using the performance
measure tests, different possible scenarios for establishing the maintenance frequency of test
sections were developed to use in an economic analysis framework. This paper has two major
objectives. The first is to identify benefits associated with different types of gravel materials
based on their long-term performance. The performance measurement techniques used in this
study to identify such benefits were LWD, dustometer, and IRI. The second main objective is to
investigate the economic performance of granular roads constructed with the different materials.

SITE DESCRIPTIONS

Surface aggregate materials for this study were collected from quarries featuring four different
Iowa bedrock types: Lime Creek formation (LCF), Oneota formation dolomite (OFD), Bethany
Falls limestone (BFL), and crushed river gravel (CRG) (Figure 1). The first three quarries
provided both conventional (Class A) and coarse clean aggregate materials, while the CRG
provided crushed coarse clean gravel materials. The main difference between the Class A and
clean materials was their particle sizes, whereby the Class A materials had higher fines contents
and lower percentages of coarse aggregates than the clean materials.

FIGURE 1 Locations of the aggregate quarries.
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Seven field test sections were built in Decatur County, lowa. The first three sections
consisted of Class A materials—LCF Class A, OFD Class A, and BFL Class A—while the local
BFL Class A material was also mixed with clean aggregate materials collected from all four
quarries for the final four sections. Therefore, the local BFL Class A material was the only one
mixed with the four clean materials to examine the mechanistic performance of such mixtures.
To achieve the best performance and durability for the mixture sections, the optimum target
particle size distribution (PSD) curves of the mixtures were determined via the gradation
optimization method described in Li et al. (5). According to the optimization analyses, it was
determined that the mixing ratios by weight for the last four test sections should be as follows:
80% BFL Class A with 20% BFL clean; 70% BFL Class A with 30% OFD clean; 70% BFL
Class A with 30% LCF clean; and 70% BFL Class A with 30% CRG clean aggregate. Figure 2
shows the grain size distribution of all seven surface aggregate materials.

Table 1 also summarizes laboratory results of the soil index properties, including sieve
analysis, Atterberg limits, and soil classification. The gravel, sand, silt, and clay contents for the
surface aggregate materials ranged from 46% to 79%, 13% to 45%, 7.8% to 13.5%, and 0.1% to

FIGURE 2 PSD curves for the surface
aggregate materials used in this study.
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TABLE 1 Particle Size Analysis, Atterberg Limits, and Soil Classification Results

Section Section
4 Section 5 () Section
(% BFL  (%BFL (% BFL 7

Class A Class A Class A (% BFL
Section Section Section +20% +30% +30% + %
1(LCF 2(OFD 3 (BFL BFL (013)) LCF CRG
Parameter Class A) ClassA) Class A) Clean) Clean) Clean) Clean) Subgrade

Particle Size Analysis Results (ASTM D422-03)

Do (mm) 0.1 0.1 0.1 0.62 0.1 0.1 0.1 0.1
Dso (mm) 2.2 1.2 2.7 7.17 5.0 3.6 4.8 0.0
Deo (mm) 5.7 8.2 9.2 15.45 11.9 10.8 11.3 0.0
Coefficient 47.5 90.5 185 25.12 110.7 154 103.2 0.0
of
uniformity
(Cw)
Coefficient 6.7 2.1 16.6 5.41 19.4 17.1 19.1 6.6
of Curvature
(€

Atterberg Limits Test Results (ASTM D4318-10e1)
Liquid limit | 14.6 NA 19.5 20 19 17 19 31.1
(%)
Plasticity 1.2 NA 4.2 5.2 3.6 3 5.1 11.7
index

AASHTO and USCS Soil Classification (ASTM D2487-11 and D3282-09)
AASHTO A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-6

USCS group | GW GW GW GW GW GW GW CL
symbol

2%, respectively. All the surface aggregate materials were classified either as USCS well-graded
gravel (GW) or AASHTO A-1-a, while the subgrades were sandy lean clay (CL) or A-6. Test
Section 2 (OFD Class A) exhibited nonplastic behavior, while the liquid limit and plasticity
index values for the other sections ranged from 14.6 to 20 and 1.2 to 5.2, respectively.

Figure 3 indicates that the thicknesses and widths of all sections were 10 cm (4 in.) and
9.1 m (30 ft), respectively. The length of each test section was 152.4 m (500 ft), except for
Section 2 (OFD Class A), where due to the lack of sufficient material, the length was reduced to
91.4 m (300 ft).

FIELD TESTS AND MAINTENANCE OPERATIONS

In this study, several nondestructive field tests including LWD, dustometer, and IRI were
performed to monitor the performance and estimate the required maintenance frequencies for the
test sections. These tests were selected because they are inexpensive, can be performed relatively
quickly, and the equipment required to conduct these tests are generally available for most
agencies and private-sector entities.
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FIGURE 3 Schematic diagram of the test sections.

Test sections were subjected to major maintenance only once. Before the major
maintenance operations, the change in thickness of each section was measured and the amount of
materials required to recover the material lost for each test section was calculated. The required
aggregate materials were then determined according to the proposed mixing ratio based on the
optimized Fuller's model as described by Li et al. (5). Figure 4 shows the change in thickness of
each test section and demonstrates that Section 5 (70% BFL Class A + 30% OFD clean) and

Section 2 (OFD Class A) experience the largest and smallest changes in their original thickness,
respectively.

FIGURE 4 Change in thickness of surface layers before
maintenance, from September 2016 to May 2017.
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The major maintenance procedures included the following steps: (1) scraping the
granular surfaces down to the subgrade with a motor grader (scarifier blades were required for
the second section due to its stronger surface); (2) spreading new Class A and clean aggregates
from piles; (3) blading of both existing and new aggregates to achieve the optimum uniform
mixture; (4) shaping the crown of the granular surface with motor graders; and (5) compacting
the granular surface with the motor grader (12 to 16 passes).

Lightweight Deflectometer Tests

LWD tests were conducted to determine the maintenance frequency required for the test sections.
The tests were performed on five points within each test section to evaluate the in situ composite
elastic modulus (Ecomp) (stiffness) of the granular surfaces and subgrades, as a measure of road
serviceability. This stiffness is a function of several factors, including compaction quality,
packing structure of the various particle sizes (33), density of the road layers, water content, and
temperature (34). Any changes in these factors can result in severe distresses (e.g., potholes,
rutting, etc.), creating a need for road maintenance. Therefore, along with the Ecomp data for each
test section, the surface layer temperature and water content are presented. The ambient
temperature of the surface course was measured using a thermocouple installed in the middle of
the first section and the same ambient temperature was assumed for all the sections. The water
content values were measured from samples collected during field testing. The LWD device used
for testing in this study features a 10 kg (22 Ib) hammer with a drop height of 0.5 m (19.69 7 in.),
and a base plate diameter of 30 cm (11.81 in.). The in situ elastic modulus then was calculated
based on the average vertical deflection as it is shown in Equation 1.

Evw = (5) ooAf ()

ELwp= elastic modulus, as the result of LWD test;

oo = vertical stress applied on top of the plate;

v = Poisson’s ratio (assumed as 0.4);

do = applied stress;

A = plate radius; and

f = shape factor (assumed for a uniform stress distribution) (35).

Dustometer Tests

The dustometer test is another road performance measure used in this study to estimate the
appropriate granular road maintenance frequency. To evaluate the dust production of each test
section in relation to the different aggregate sources utilized in the surface layers, dustometer
tests were performed several times over the length of the project. Figure 5 shows the setup of
the dustometer device, attached to the bumper of a 1-ton truck by a steel bracket. It has a 30.5
% 30.5 cm (12 x 12 in.) steel mesh with a 200 um (0.0079 in.) mesh size sieve to prevent large
particles from damaging the tightly held filter paper. A 1/3-hp suction pump is connected to the
mounted dustometer with a 2-in. diameter flexible hose to collect dust behind the rear wheel
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FIGURE 5 Dustometer test set up: (2) dustometer setup and
(b) dust production measurement paper.

while driving at a speed of 72 km/h (45 mph). A 4,400-watt gasoline-powered generator provides
power for the suction pump. The filter paper was removed after performing the test over a
section and the mass of the dust on the paper divided by the length of the sections to determine
the amount of dust per unit length.

International Roughness Index Tests

Roughness of the road surface as representative of ride quality is an important factor to evaluate
the granular roadway performance, and lower IRI values reflect higher ride quality, lower fuel
consumption, and longer service life (36). In the current study, the collection of road roughness
measurements representative of road condition was done using a smart phone application named
Roadroid. This software used a built-in smart phone accelerometer to evaluate roughness index
of the different surfaces in a rapid and cost-effective manner (37). In this method, the smart
phone was mounted on the windshield of a 1-ton truck and, after adjustments, the calculated IRI
(cIRI) values were measured and stored in the phone while driving between 64 to 80 km/h (40
and 50 mph).
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PERFORMANCE-BASED ECONOMIC ANALYSIS APPROACH

Dharmadhikari et al. presented four main steps for performing a LCBCA: (1) determining the
project base case and alternatives; (2) defining the benefits; (3) cost and benefit calculation; and (4)
determining the current value of costs and benefits (38). The base case is defined as a condition
where no alternatives are suggested, and the alternatives are the other options to be considered for
making the project more beneficial (38).

The determination of both the base case and the benefits should be conducted with extreme
care to produce a valid and trustworthy cost analysis. Values of annual costs and benefits and the
project’s present value considering the proper discount rate should be included in an overall approach
to the LCBCA (39). Jones et al. enumerated traffic forecasts, cost estimations, discount rates, value
of life, safety, value of time, regional impacts, local impacts, equity, environmental impacts, and
residual use as the major challenges in performing BCA for transportation infrastructure (40).

In the present case, Section 4, built with a mixture of local conventional Class A and clean
local materials (Section 4 — 80% BFL Class A + 20% BFL clean), with the lowest construction cost
among the other aggregate options, was considered to represent the base case scenario. If a granular
road incurred a cost lower than the base case scenario (Section 4) it was considered beneficial (cost
saving) in the economic analysis platform. For example, if one of the user costs associated with a
road alternatives would be lower than the base case user costs, the difference between these monetary
values was considered as a cost saving or benefit, while if a pavement’s cost item was larger than the
costs associated with the granular road built with local conventional material, the difference between
these two costs items would be considered as a cost factor in the BCR.

The data required to estimate benefits (cost savings) and additional costs associated with the
alternative granular roadway materials were collected from construction, maintenance, field
measurements, and lowa Department of Transportation (DOT) publicly available data sets. Since one
of the most important factors in the economic analysis of granular roads is the frequency of
maintenance activities (7), many performance measurements are conducted to compare new
alternatives with the base case test section (Section 4). Then, based on similarities and differences
among the alternative road sections and base case maintenance frequencies associated with an
aggregate, the benefits of the each alternative section were estimated. Then, using maintenance
frequencies of granular road material alternatives, benefits—costs associated with them were
estimated. The major benefits—costs considered in the LCBCA platform are reduction—increase in
road users’ lost time, reduction—increase in maintenance costs through the life cycle, and reduction—
increase in car-damage costs. Figure 6 summarizes the methodology suggested in this study.

Deterministic BCA involves utilizing point estimates (discrete values), resulting in a single
output value (8, 9). If the ratio of benefits to net costs is larger than one (>1), while general economic
arguments would support action to make the associated investment, there are issues associated with
deterministic factors such as sensitivity of results to the chosen discount rate and a mismatch between
the volatilities of underlying factors (uncertainty associated with initial costs, maintenance frequency,
traffic volume, duration of service life, etc.) that can be addressed by building a stochastic economic
analysis model. To this end, as in previous studies on pavement decision-making (10-15), a
stochastic analysis approach was used to perform the economic analysis. A stochastic benefit—cost
model would use Monte Carlo simulation and allow input variables to fluctuate through their
probability distributions based on recent historical and regional changes.
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FIGURE 6 Research methodology.
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FIELD TEST RESULTS LWD

The average results of the LWD composite elastic modulus for each test section, along with
temperature and water content data over the past 2 years, are presented in Figure 7.

Immediately after construction on October 2016, the first set of LWD tests were
performed on all sections, and the calculated LWD composite elastic modulus (Ecomp) for the
sections were very close to each other and in the range of 54.8 MPa (7.95 ksi) to 81.8 MPa
(11.86 ksi). However, the water content of the sections varied over a wide range (between 3.5%
and 10.1%). The second set of LWD field testing was performed on November 2016 and the
range of LWD Ecomp was between 54.8 MPa (7.95 ksi) to 80.5 MPa (11.68 ksi), similar to the
values measured in October 2016. It is worth mentioning that the Ecomp of Section 3 (BFL Class
A) changed insignificantly from that of October 2016 and all the other sections except for from
Section 4 (80% BFL Class A +20% BFL clean) had an increase in their Ecomp. The third set of
LWD field testing was performed in December 2016, during the freezing season, and all sections
exhibited a significant increase in their Ecomp values because of the very low temperatures, that
made the ground frozen and the range was between 143.8 MPa (20.86 ksi) to 445.5 MPa (64.62
ksi). Note that since the water content range was smaller (between 2% to 6.3%) then it might be
concluded that temperature effects were much greater than the effect of water content during the
freezing season. The first LWD field testing in 2017 was performed in February, during the
thawing season, and all sections exhibited a significant decrease in their Ecomp range due to
thawing between 40.8 MPa (5.92 ksi) to 75.4 MPa (10.94 ksi). The second 2017 LWD field
testing was performed in April, after freezing and thawing seasons. All of the sections exhibited
a slight increase in their Ecomp values except Section 2 (OFD Class A), which the LWD Ecomp did
not change for this section. The range of the LWD Ecomp was between 44 MPa (6.38 ksi) to 99.1
MPa (14.38 ksi). The last set of LWD field testing in 2017 was conducted on June 2017, after the
major maintenance to monitor the effects of removing distresses (e.g., potholes, rutting, and
wash-boarding) on the soil stiffness. All sections except for Section 2 (OFD Class A) exhibited
an unanticipated slight decrease in their Ecomp values compared to those from February 2017.
However, the range stayed similar to values from April 2017 between 42.5 MPa (6.16 ksi) to
96.4 MPa (13.98 ksi). The final set of LWD field testing measurements was performed on May
2018, after the second freeze and thaw season. The Ecomp values for Section 1 (LCF Class A) and
Section 7 (70% BFL Class A + 30% CRG Clean) were virtually changed, and the Ecomp values
increased for all the other sections except for Section 2 (OFD Class A). The highest Ecomp was
observed for Section 4 (80% BFL Class A +20% BFL clean) (13.51 ksi), and the lowest Ecomp
was observed for Section 7 (70% BFL Class A + 30% CRG clean) (6.16 ksi).

The reason for the decrease in the Ecomp value for this section may be related to poor
binding between the coarse and fine aggregate materials. It was observed that the coarse
materials in this section (CRG clean) had moved gradually to the roadsides due to the lack of
binding between the coarse and fine aggregates (Figure 8).

As shown in Figure 7 and also explained in detail above, Ecomp value (stiffness measure)
cannot be used as a unified standard factor indicator for longevity of granular road serviceability,
although some similar trends were observed for some of the sections. Therefore, the LWD results
were not considered for the BCA and not used to estimate the appropriate maintenance frequency
for the granular road sections.
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FIGURE 7 Average LWD composite elastic modulus results for each section over time.



Satvati, Ashlock, Nahvi, Jahren, Ceti, and Ceylan 219

FIGURE 8 Movement of the loose aggregate materials to the sides of the
road for Section 7 (70%BFL Class A + 30% CRG clean).

Dustometer

Figure 9 shows the results of dust production per mile during 2 years of the project for all seven
test sections. To focus on the important factors effective in dust production, the temperature, water
content, and fines content (amount passing #200 sieve) data are presented in Figure 9.

To monitor surface material degradation, samples from the granular surfaces of each
section were collected for gradation analyses. The results for fines content for each section were
derived from gradation tests.

The first dustometer test was conducted on October 2016 (after construction) and the dust
production was in the range of 0.72 g/km (0.0026 Ib/mi) to 4.92 g/km (0.018 Ib/mi). The ambient
temperature was about 35°F, the water content was in a range between 3.5% and 10.1%, and the
fines content was in a range between 9.14% and 15.08%. The second set of dustometer test was
conducted on November 2016 at about the same ambient temperature with October 2016 (32°F).

Surface aggregate sample collection was not performed because since it was assumed that
the materials had not deteriorated significantly at that time. The gradation and fines content of
the materials was assumed to be the same as when the samples were collected following
construction on October 2016. The moisture content of the surface materials was in a range
between 3% and 7.2% and did not change significantly since October 2016. The rate of dust
production placed between 0.62 g/km (0.0022 1b/mi) to 4.66 g/km (0.0165 1b/mi). The third
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FIGURE 9 Dustometer results for each section over time.

set of dustometer tests was conducted on December 2016, during the freezing season (4°F). The
water content range had decreased to a smaller range, between 4% and 6.3%. The dust
production rate decreased significantly, and it was confined to a small range for all of the
sections, between 0.33 g/km (0.0012 1b/mi) and 0.75 g/km (0.0027 1b/mi). The sample collection
was not conducted on December 2016 due to frozen ground. The fourth set of dustometer tests
was conducted on February 2017, during the thawing season, where the ambient temperature got
close to that at the time of construction (31°F). The water content range decreased to 1.2% to
3.1%. The dust production rate was increased significantly from December 2016, and it was in
the range of 0.13 g/km (0.0005 1b/mi) to 1.57 gr/km (0.0056 1b/mi). The overall fines content of
the surfaces increased significantly from October 2016, due to deterioration of the surface
aggregate during the freezing and thawing season. The fifth set of dustometer tests was
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conducted on April 2017, after the thawing season (71°F). While virtually all the sections had
had almost the same range of dust production between 0.39 g/km (0.0014 1b/mi) to 1.77 g/km
(0.0063 1b/mi) and the same range of water content between 1.7% to 3%, with February 2017.
The sixth set of dustometer field tests was conducted on June 2017. A slight increase in the range
of dust production, which was between 0.39 g/km (0.0014 1b/mi) to 3.74 g/km (0.013 Ib/mi), was
observed compared to February and April 2017 due to the higher temperature (106°F) and drier
surface (1.1% to 2.6% water content). The final set of dustometer field tests was conducted on
May 2018 after the second freeze and thaw season (43°F). The dust production was observed to
be in the range of 0.66 g/km (0.0023 1b/mi) to 2.36 g/km (0.0084 1b/mi) with the water content in
the range of 1.2% to 3%.

While dust production depends on many different factors such as condition of surface
materials (wet or dry), temperature, wind, etc., an overall reading of the dustometer results shows
that dust production after construction and maintenance was higher than at other times,
depending somewhat on environmental conditions. Nevertheless, all times showed about the
same amount of dust production. The average results of dust production for each section for the
different times of performing dustometer test are shown in Figure 10. It can be concluded that
Section 7 (70% BFL Class A + 30% CRG clean) had the maximum dust production value, 2.48
g/km (0.0088 1b/mi), and Section 1 (LCF Class A) had the lowest dust production value, about
0.48 g/km (0.0017 1Ib/mi). Sections are categorized by color codes in Figure 10.

FIGURE 10 Test sections classification based on dust production.
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Summarizing the above discussion, demonstration sections were divided into three
categories (Figure 10). The first group with the highest dust production included Sections 7, 5,
and 6; Sections 2 and 4 were the demonstration sections with moderate dust production; and
Section 3 and Section 1 exhibited the lowest dust productions.

As mentioned in the test section descriptions, we know that the required maintenance
time for the road built with conventional materials (Section 4, base case) would vary between 1
to 3 years depending on traffic volume, temperature, freeze—thaw cycles, etc., so for a stochastic
BCA three possible scenarios were developed to determine maintenance time of conventional
road sections (i.e., best case = 3 years; most likely case = 2 years; and worst case = 1 year).
Moreover, by considering dust production as a performance measure of the gravel road section,
two other scenarios were developed for the second and the third groups. Figure 11 presents the
best, most likely, and the worst cases for the possible maintenance scenarios based on dust
measurements for all sections. The base, most likely, and the best cases of the required
maintenance times were considered to be, respectively, 3, 4, and 5 years for Sections 1 (LCF
Class A) and 3 (BFL Class A); 2, 3, and 4 years for Sections 2 (OFD Class A) and 4 (80% BFL
Class A +20% BFL clean); and 1, 2, and 3 years for the last three sections (70% BFL Class A +
30% OFD clean, 30% BFL Class A + 30% LCF clean, and 70% BFL Class A + 30% CRG
clean). Although most test sections were in good condition, to monitor the condition of the road
the maintenance was conducted after almost 1 year for all test sections. This is mainly due to the
limited time associated with the project.

FIGURE 11 Maintenance frequency scenarios developed based on the dustometer results.
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International Roughness Index

In this project, IRT was measured by Roadroid, an Android-based application. In order to remove
any additional movement of the phone while performing IRI, a firm mount was used to connect the
phone to the windshield. Moreover, the same truck and mounting location were used each time the
test was performed. The calculated IRI (cIRI) with a narrower range of speed between 60 to 80
km/h was used, rather than of the estimated IRI (eIRI) which has a broader range of speed between
20 to 100 km/h. Therefore, cIRI values provided higher accuracy than eIRI values (41).

The cIRI values measured during this study are shown in Figure 12. Based on the IRI
results, test sections were categorized into two different groups (fair performance or poor
performance) (Figure 12). In addition, similar to the dustometer section, but based rather on IRI
results, scenarios were developed for estimating required maintenance time of granular road
sections for use in stochastic economic analysis (Figure 13).

COST-BENEFIT ESTIMATION

Costs and benefits associated with new granular roadway materials were estimated. As
mentioned in the methodology discussion, if a section’s incurred cost was lower than the base
case scenario (Section 3, BFL Class A), this was considered to represent a benefit (cost saving).
To conduct the economic analysis, reduction—increase in users’ time was monetized along with
cost/benefit associated with alternative unpaved road material maintenance operations. In the
remainder of this section calculations for these two methods are explained in detail.

Construction and Maintenance

Figure 14a and 14b show the details of the construction and maintenance costs for each test
section. Due to the sections having different lengths, while costs associated with the new gravel
road material (gravel and hauling costs) were considered on a per-mile basis, it was observed that
the equipment and in-site labor costs were virtually the same for all sections, so only the cost of
hauling material and aggregate were considered in the economic analysis.

The differences between the costs of maintaining conventional granular roads with the
new ones were estimated using maintenance frequency estimated values and actual costs of
maintenance conducted on May 2017 (Figure 14). Equation 2 was used to calculate maintenance
cost savings—additional costs estimations:

mszXNc_CfXCc (2)
where

Dm = the difference in monetary value between the cost of maintaining conventional roads with

new ones;
Ny = the new maintenance frequency;

N = the new gravel road maintenance cost (per mile);
Cr = the conventional road maintenance frequency; and

Cc = the conventional granular road maintenance cost.
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FIGURE 12 Roads roughness results for each section over time.

FIGURE 13 Maintenance frequency scenarios developed based on the IRI results.
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FIGURE 14 (a) Construction costs and (b) maintenance costs.

Value of Users’ Time

Delay time is the extra travel time required either to pass through a work zone or to detour
around it (42). Since travel time costs are given serious consideration and can become a
significant factor when large queues occur, best-practice LCCA calls for consideration of not
only agency costs, but also costs to roadway users (43). According to FHWA guideline (42), the
following formula can be used to estimate travel delay cost:

Travel delay cost=(1 = Tt) x P x Vp+ Tex Vi 3)

where

T: = truck traffic percentage (based on discussions with lowa county engineers T+ assumed to
be 25%);

P = personal travel;
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Vp = value (US$/h) of personal travel time; and
Ve = value (US$/h) of truck travel time.

Values of personal and truck travel time, obtained from the Bureau of Labor Statistics
(BLS) data base (44), are US$25/h and US$54/h, respectively. lowa granular roadway traffic
data was obtained from the lowa DOT traffic count data base (Figure 15) (45). Traffic volume
was considered as one of the stochastic input variables in the economic analysis platform (further
details are provided in the appropriate distribution selection section).

Figure 16 shows an actual route and detour for a generic gravel road. Based on site
surveying during construction and maintenance, it was observed that since vehicles usually tried
to change their routes when they encountered the construction sign, a detour was considered to
be an alternative route during maintenance. According to Omni drive time calculator (46), since
driving time for a 1-mi road would be 2 min, assuming a 30-mph speed, as shown in Figure 16,
assuming 6 min (three times more than regular route) for driving through a detour would be
reasonable. Unless otherwise signed, the Code of Iowa sets the speed limit on rural gravel roads
at no faster than 55 mph between sunrise and sunset and no more than 50 mph between sunset
and sunrise.

FIGURE 15 Traffic volume distribution in the state of lowa.
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FIGURE 16 Actual route versus detour.

Discount Rate and Service Life

Similar to other studies on pavement management, analysis period was taken as the projected
number of years until either the final disposal of the road or the removal of the road materials
was required (47, 48). In this study, since all the demonstration sections were placed on a local
road with the same amount of traffic load and weather conditions, the same amount of service
life was assumed have for all the sections. Since a FHWA life-cycle costs analysis bulletin
recommends treating common variable among alternatives with the same value deterministically
(20), an analysis period of 20 years was used for all the road sections (49).

Discount rate data for the previous 20 years were obtained from a Federal Reserve data
base (50) and added to the stochastic economic analysis model.

Appropriate Distribution Selection

“Determining the appropriate probability distribution for each input variable is an important step
in stochastic economic analysis” (51). In this paper, inputs associated with availability of
sufficient historical data (i.e., discount rate and average daily traffic) were fitted to a distribution
using a maximum likelihood method. To determine which distribution had the best fit, a chi-
squared goodness-of-fit test (52), which is often used in business decision-making (53-55), was
used (52). In addition, for other input variables with insufficient data availability (e.g.,
maintenance frequency), a triangular distribution was used, conforming to a common method for
describing the distribution of such variables (56-59).
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ECONOMIC ANALYSIS RESULTS

To perform stochastic BCA, commercial simulation software (@Risk) was used to develop a Monte
Carlo simulation-based (MCS) economic analysis model. MCS were run with each simulation
iterated 10,000 times, each iteration lasting from 35 to 75 s. Figure 17 shows the results of simulation
for performance-based economic analysis based on dust production measurements.

Figure 17 presents simulation results in probability density functions format, which shows
relative likelihood of BCR for each granular road test section. In addition, standard deviation values,
“indicators of the amount of dispersions” of BCR (52), along with median values, were shown. “The
median is a good measure because, regardless of distribution shape, half the values are above the
median and half are below the median” (60).

As shown in Figure 17, among all the alternatives, Section 3 (BFL Class A) yields the
highest median BCR. In addition, this section is the only granular road option that met 100%
reliability, a probability that BCR stays above 1, which means that use of the aforementioned section
would be a more favorable economic investment compared to use of a conventional aggregate option
under all the conditions assumed in this study. In addition, although using Section 1 (LCF Class A) is
also a secure economic investment with 100% chance of getting BCR above one, since this section
has a lower median value than Section 3 (BFL Class A), the chance of yielding more benefits using
Section 1 (LCF Class A) would be lower than for Section 3 (BFL Class A).

Section 6 (70% BFL Class A + 30% LCF clean) and Section 2 (OFD Class A) also had high
reliability percentages (96% and 86%, respectively), making them good aggregate options for
graveling low-volume roads in the state of lowa. Among all the aggregate options, Section 5 (70%
BFL Class A +30% OFD clean) with 1.02 and 54% median BCR value and reliability, respectively,
would be the worst economic investment.

Like stochastic economic analysis developed for the dustometer, point estimates in the
deterministic BCR model based on IRI results were replaced with probability distributions and the
output estimated in a quantity-variation format. Figure 18 shows the outcome of simulations for
performance-based BCA developed for IRI results. There were 10,000 iterations, with simulation
times ranging from 37 to 73 s.

The outcomes of stochastic economic analysis based on IRI measurements were close to the
previous analysis based on dust production. Note that for Section 3 (BFL Class A), Section 4 (80%
BFL Class A +20% BFL clean), Section 5 (70% BFL Class A + 30% OFD clean), and Section 7
(70% BFL Class A + 30% CRG cean) the results were identical, because for all these aggregate
products identical maintenance frequency scenarios were developed (Figure 11 and Figure 13).

As shown in Figure 18, as in the previous analysis based on dust production, among all of the
alternatives Section 3 (BFL Class A) exhibits the highest median BCR and percentage reliability.
However, because different aggregate options exhibited less difference in terms of roughness than for
dust production, fewer scenarios were developed for IRI based economic analysis (i.e., two scenarios
based on IRI and three for dust production). Therefore, median values of BCR based on IRI results
were the same or lower than for dust production performance-based analysis. In general, BFL Class
A along with Section 1 (LCF Class A) and Section 4 (80% BFL Class A + 20% BFL clean)
exhibited the best economic performance among other alternatives [comparing with the base case
aggregate option, Section 4 (80% BFL Class A +20% BFL clean)].
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FIGURE 17 MCS results (scenarios developed based on dust production measurements):
(a) Section 1, LCF Class A; (b) Section 2, OFD Class A; (¢) Section 3, BFL Class A; (d)
Section 5, 70% BFL Class A + 30% OFD clean; (e) Section 6, 70% BFL Class A + 30%

LCEF clean; and (f) Section 7, 70% BFL Class A + 30% CRG clean.
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FIGURE 18 MCS results (scenarios developed based on IRI results): (a) Section 1, LCF
Class A; (b) Section 2, OFD Class A; () Section 3, BFL Class A; (d) Section 5, 70% BFL
Class A +30% OFD clean; (e) Section 6, 70% BFL Class A + 30% LCF clean; (f) Section 7,
70% BFL Class A + 30% CRG clean.
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CONCLUSIONS

This paper presents a stochastic performance-based LCBCA method for comparing economic
performance of granular roads constructed in a rural road system. Seven different surface
aggregate materials were obtained from four different quarries in Iowa and different performance
measure tests were conducted over the last 3 years. Using LWD, IRI, and dustometer test results,
scenarios were developed for maintenance frequency of test sections to be used in the economic
analysis framework. This study used the IRI and dust production results as performance
measures for estimating maintenance frequency. In addition, among alternatives, BFL Class A,
compared to the base case aggregate option (Section 4, 80% BFL Class A + 20 % BFL clean),
exhibited the best economic performance. These findings could help agencies, county engineers,
and contractors in estimating the most beneficial material alternatives in terms of lower costs of
hauling, material, labor, and equipment for construction and maintenance of granular roads.

The methodology developed in this study provides agencies with the probability that a
preferred alternative can produce the lowest life-cycle cost. Recommendations that may result
from this research project would be founded in fundamental economic analysis theory and can
also provide various transportation agencies with an added level of confidence in predicting
economic impact associated with granular road material alternatives of interest.
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PLANNING AND ECONOMICS

A Multi-Criteria Evaluation Approach for Prioritization of
Low-Volume Roads for Maintenance and Improvement
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Roads play a significant role in the socioeconomic development of any country. For achieving
these benefits, Governments have started many programs. Because of these recent
programs, a vast Low-Volume Roads (LVRs) network was created in India which resulted in
increased social and economic benefits all around. However, due to increased axle loads, lack of
adequate and timely maintenance, it is bound to accelerate the process of deterioration of these
roads. Because of this, the failures of LVRs have been predominant in countries like India. This
has direct effects on both road agencies and road users and leads to loss of time, agriculture
output, access, higher vehicle operating cost, increasing number of accidents, etc. In developing
countries, the financial resources are minimal, so there should be a scientific and efficient
method required to rank and prioritize the LVR projects, with minimum resources and maximum
benefits by a scientific approach. To address this task, the multi-criteria concept was considered.
The multi-criteria concept includes parameters like social, economic, and pavement condition as
the main criteria. In this main criterion, other essential parameters were considered as a sub-
criterion. Next task is to find the best suitable parameters and their weights through an expert’s
opinion survey. In this study, an expert opinion survey was conducted using the Delphi
Technique (DT), Likert scale, pairwise comparison and ranking methods. Based on expert
opinion survey results, two criteria systems were identified. These two criteria systems were
suitable for different circumstances. Finally, the study proposed the maintenance criterion
considering the socioeconomic, environmental, and pavement condition parameters for adequate
maintenance of LVRs.

INTRODUCTION

LVRs play a vital role in the development of any country. Thus, the government of India
introduces many programs to increase the LVR network. Some programs like the Pradhan Mantri
Gram Sadak Yojana (PMGSY), basic minimum service program, and Minimum Needs Program
have been already implemented in India. Due to this, a vast LVR network has been created. In
India, the LVR network represents approximately 90% of the total road network. The increased
LVR network has resulted in increased economic and social benefits. These LVRs provide the
main links to the national highway transportation system. LVRs provide links from forests and
mines to mills and provide links from farms and homes to markets, and they provide public
access to essential education, administrative, health and other essential services. The LVR link
between markets and raw materials is critical to economies nationally and locally in all countries
around the world (1, 2).
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However, with time, these benefits would decrease due to lack of maintenance. Due to
poor maintenance, increasing axle loads, and changes in environmental conditions, the roads will
deteriorate very quickly and reach the permissible limit of acceptable road condition very early.
Excessive pavement deterioration leads to loss of time, loss of access, reduced agricultural output,
higher travel time costs (TTC), higher vehicle operating costs (VOC), and increasing accidents,
etc. Forgetting these benefits long-term, there is a need to do something different. One of the best
solutions is regular maintenance of the roads. However, also, the pavement maintenance slows the
pavement deterioration process and extends the pavement life. So, there is a need to focus on the
maintenance of LVRs (3). However, the road network of India is the second largest road network
in the world and government providing funds for maintenance is very limited. How to utilize
these funds properly? The solution to this problem needs to have prioritization. The priority of
road selection plays a significant role in determining which road will be maintained first.
Prioritization analysis is a multi-criteria process that determines the best ranking list from a total
list provided. Economic, technical, social and environmental aspects are crucial for prioritization
of pavement maintenance. Prioritization of LVRs for maintenance and improvements depends on
the present pavement condition, social parameters, economic parameters and environmental
aspects (4-7).

A total of four links are seen in Figure 1. Now the task is to do prioritization for
maintenance. How? Suppose consider a link 1, link 2 and assume that link one pavement condition
is poor and link 2 pavement conditions also poor but economic benefits from link 1 is very less and
economic benefits from link two very high and social benefits link one is high and from link two
less. So, it very difficult to say one-first preference for maintenance. Multiple criteria should be
considered for prioritization. In this, all four parameters are considered. However, what are the
most suitable criteria’s and their weights for maintenance and improvement? One of the best
solutions for finding the most suitable criteria and their weights is an expert’s opinion survey by
using the DT (8). Network planning utilities are calculated by using the DT. The Delphi method
was originated in the 1950s. Developing this method, RAND Corporation conducted a series of
studies. The primary objective of the study was to develop a technique to obtain the most reliable
consensus of group experts. The DT is designed as a group communication process that aims at
conducting detailed examinations and discussions of a specific issue for goal setting, policy
investigation, or predicting the occurrence of future events (9).

FIGURE 1 Why and how multiple criteria should be considered for prioritization.
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Priority of rankings is given to select road sections based on two methods. The two
methods are subjective rating method and on economic indicator method. Subjective rating
method is done based on Maintenance Priority Index (MPI). MPI is a function of traffic volume,
road condition index and drainage factor. In an economic indicator, the Present Net Value (NPV)
is calculated using Highway Development and Management (HDM-4) tool and comparison are
made between two methods (10). The optimum maintenance and rehabilitation strategy were
obtained by maximum NPV-CAP value, which shows the section having a maximum NPV—
CAP value would be maintained on a priority basis as compared to other sections (11). The MPI
of road sections and economical maintenance alternative based on net present value and internal
rate of return value (12).

A facility model was developed for selecting the roads for upgrading based on link
weight and pavement condition index. These link weights were calculated by considering the
population of villages and facilities like education, health, economic activity centers,
transportation and communication centers etc. (15). Pre-determined criteria are social, economic
and technical aspects. Points were given for the number of villages served by road, health
centers, schools, industries, markets, and areas of high agricultural potential Scores were given
for the “passability” of the road, availability of laterite surfacing material (the requirement for
structural sections), difficult sections (e.g., swamps/rocky terrain) and availability of labor. The
totals were summed and then divided by the road lengths to give an average ranking score (16).
Multi-criteria prioritization model is based on the novel set of factors like growth centers, road
utilization, connectivity, accessibility, backwardness, and the number of commercial vehicles
using the road in order to rank roads to be selected for improvement. The survey among experts
formulated the weight of each of the index used in a composite index calculation by using
analytical hierarchy process (AHP). Composite Index (CI) was calculated based on the weighted
sum method, and the roads were ranked (17). Growth priority index, connectivity index,
accessibility index, backwardness index, a road utilization index, commercial vehicle density
index, environmental and social index were developed. A CI derived from individual indices and
selected roads for improvement are based upon the CI (18). Prioritization of pavement is done
based on the multiple distresses by using an AHP. AHP is found to be one of the most
straightforward and most suitable methods in multi-criteria decision-making processes. This
method is based on pairwise comparisons which facilitate the judgments and calculations (18).

METHODOLOGY

The objective of this study is to find the most suitable criteria system and their weights for
prioritization of LVRs for maintenance and improvement. Then the implementation of the
criteria system is used for an existing LVR network. For this purpose, an expert opinion survey
was done by using the DT and afterwards multi-criteria analysis was used for prioritization. The
survey was conducted through e-mails and Google forms. The first-round survey was prepared
by using a Likert scale and the scale adopted is from “not important” to “very important.” In the
second-round survey for finding the weights, two methods were used. A pairwise comparison
method was used for finding weights of main criteria, and a ranking method was used for finding
sub-criteria weights (Figure 2).
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FIGURE 2 Adopted study methodology.

DEVELOPMENT OF PRIORITIZATION CRITERIA AND THEIR
WEIGHTS BY USING EXPERT OPINION SURVEY

The initial list of the potential criterion was selected based on a literature review and through
surveys with local village people, field engineers, and experts in the area of transportation
engineering. Accordingly, the initial list of criteria and sub-criteria is prepared as presented in
Table 1 and Table 2, respectively.

The final selection of LVRs evaluation criteria and their relative weights will be
determined by applying the Likert scale method, Pairwise comparison and ranking methods are
using the DT, based on the outcome of an expert’s opinion survey conducted among the different
academicians, policy makers, field engineers, and other stakeholders.
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TABLE 1 Adopted Initial List of Criteria

Initial List

of Criteria

TABLE 2 Initial List of Main Criteria and Sub-Criteria for Prioritization of LVRs

Main Criteria

Social parameters (SP)

Local village people

Field engineers and research students

Politicians

Sub-Criteria
Population served per km on road (PSK)
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Access to educational services (AES)

Access to market centers (AMC)

Access to administrative and health (AOS)

Access to other roads (NH, SH, MDR, ODR, and VR)

Road as a community priority (RCP)

Pavement condition (PC)

Pavement condition distress index (PCDI)

Pavement condition roughness index PCRI)

Pavement condition skid resistance index (PCSR)

Pavement condition structural capacity index (PCSCI )

Economic parameters (EP)

Road construction cost (CC)

Road maintenance cost (MC)

VOC savings

TTC savings

Accident cost (AC)

Pollution cost (PC)

Environmental aspects (EA)

Duration of submergence (DS)

The possibility of landslide or flooding (PLF)

el BN Bl BN IR Pl el S et I el R Rl Al IRl Il el Bl o

The extent of positive impact on the environment (INS)

Round 1 Survey

The first-round survey aims to finalise the final list of criteria. For this purpose, the facilitator
prepared the set of questionnaires by using the Likert scale and taking five significant levels
from not important to very important. These questionnaire forms were then sent to experts via
e-mail and Google forms. The facilitator received a total of 43 responses. Then the facilitator
analyzed significant levels given by panel members, and the results are shown in Figure 3 and

Figure 4. The questionnaire format is shown in Appendix A.

Overall, the social parameters criterion was considered very important or essential (37

members). Almost all members considered sub-criteria in social parameters as very important or

essential. Overall, the pavement condition criterion was considered very important or essential

(39 members). Almost all members considered roughness, distress, the structural capacity index



240 TR Circular E-C248: 12th International Conference on Low-Volume Roads

40
35
30
25
20

15

Number of responses

10

Social Parameters ~ Pvement condition Economic parameters Environmental
MAIN CRITERIA aspects
B Not Important ® Less Important = Moderately Important = Important ®Very Important

FIGURE 3 First-round survey analysis of main criteria.
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FIGURE 4 First-round survey analysis of sub-criteria.
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as very important or important. Forty-two percent of members considered resistance index as less
important than moderately important. Compared to the social, the members gave pavement
condition less importance than economic parameters. Overall the economic parameters criteria
were considered very important to important. In this, pollution cost is considered less important
compare to the remaining sub-criteria, but still moderately important or higher. Compare to the
remaining three main criteria; the environment is less important for prioritization. However, 31
members considered that this criterion was important or very important. Overall, all the parameters
are important or very important. Based on comments of panel members and their opinions, the
final list of criteria is prepared and presented in Table 2. After reviewing the first-round survey
results, comments and previous studies on prioritization of LVRs, it is observed that economic
parameters depend on pavement condition parameters. Hence, felt that it is not possible to include
both parameters in single criterion. The author proposed two alternative criteria namely Criteria A
and B. (Criteria A and B includ social, pavement condition, environment parameters and Criteria
‘B’ includes, social economic and environmental parameters.

Round 2 Survey

The primary objective of the second-round survey is to find the weight criteria of each parameter.
A weight criterion indicates the relative importance of one criterion compared to all other criteria.
The facilitator prepared the questionnaires for the round survey by using a pairwise comparison
method for the main criteria and a ranking method for sub-criteria. The questionnaire forms were
then sent to experts. A total of 45 members participated in the second-round survey. Based on the
responses, the facilitator calculated the weighting of all the criteria. For the main criteria, one
pairwise comparison table was prepared for each respondent. The sub-criteria weights were
calculated based on ranks given by the panel members. Next task was to aggregate the individual
data. Based on literature research, the facilitator aggregated both main criteria and main criteria
weights by using the geometric mean method. The final weights of all the sub-criteria, also called
global weights, are calculated by multiplying the sub-criteria weights by the corresponding main
criterion weights. Weights after second-round survey not shown here. Final weights are shown
after a third-round survey. The questionnaire format is shown in Appendix B.

Round 3 Survey

This step is one of the main strengths of the DT. The main aim of the third-round survey is to
reduce the differences among the group member opinions on the criteria weights and facilitate a
consensus. In this round, the facilitator presents the panel members with a comparison with the
average group response to their original responses. After that, they are asked if they are willing to
revise their original responses or not. In the third-round survey, the panel members provided their
revised weights using a 100-point scale method. The facilitator converts all the responses directly
into weights. Some panel members did not respond in the third-round survey, so the author
assumed that their second-round responses remained unrevised. The facilitator analyzed the second
and third-round criteria weights by using “box-and-whisker” plots. The primary purpose of these
boxes plot was to find the variation in the set of weights given by experts. After analyzing total
results using different pie charts, bar charts, and box plots, the facilitator finalises the final weights
of each criterion. Final criteria weights are shown in Figure 5 and Figure 6.
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Major Observations After Third-Round Survey

1. In Criteria A the pavement condition criterion has the highest weight. Only pavement
condition covers around 42% total weight.

2. In this pavement condition distress, roughness covers more than 50% of total pavement
condition weight.

3. Social parameters cover about 37% of the total weight. In these social parameters,
access to market centers has the highest weight. The least weight was environmental aspects.

4. In Criteria B the social parameter criterion has the highest weight. Only social
parameter covers about 45% of the total weight. In this, access to market centers also covers more
weight.

5. Economic parameters cover about 32% of the total weight. In this construction cost has
the highest weight and maintenance cost occupies the next highest place.

6. Overall if we consider global weights, pavement condition distress index has the
highest weight in Criteria A; access to market centers criteria has the highest weight in Criteria B.

7. The global weights of sub-criteria may vary depending on the number of sub-criteria
taken under each main criterion.

Variations in Criteria Weights: Comparison Between Second- and Third-Round Survey

The facilitator analyzed the second- and third-round criteria weights by using box-and-whisker
plots. The primary purpose of these box plots is to find the variation in the set of weights given
by experts. In these plots, the average weight, the interquartile range, which implies the value
between 25th percentile to 75th percentile value, and the maximum and minimum values were
plotted. The interquartile ranges are shown in boxes, and the lower 25% and upper 75% of the
weights are shown as lines extending from the boxes. Figure 7 shows the box-and-whisker plot
for the main criteria weights. The facilitator also drew box-and-whisker plots for every sub-
criterion and analyzed the results. This plot shows the variation of criteria weights in the second
and third-round survey and comparisons. The facilitator aims to reduce the size of boxes and
total range between the second- and third-round surveys. Figure 7 clearly shows that the
interquartile ranges decrease after the second-round survey.

Social Pavement Environmental Social Economic Environmental
Parameters Condition Aspects Parameters Parameters Aspects
Criteria A Criteria B

FIGURE 7 Variation of main criteria weights.
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In Table 3, the weights are varying after the third-round survey. Round 3 results are final
weights. The next task is to implement these weights to existing LVR networks and prioritize the
LVR network for maintenance and improvements.

FINAL SCORES CALCULATION BY USING MULTI-CRITERIA ANALYSIS WITH Z
SCORE AND GLOBAL WEIGHTS

Final scores (FS) are required to prioritize road sections by using multi-criteria.

FS =) (wixXi) (1)
where
FS = final score;

Wi relative weight of each criteria; and

value of Criteria i.

In this multi-criteria analysis, the criteria considered are financial parameters, other non-
monetary parameters, and different units, and scales. It is challenging to bring all the parameters
in a single scale for finding FS. So, in place Xi can be used. zi = normalized score:

FS =Y (Wi x zi) (2)
7= ’%ﬂ 3)
where

Z = normalized score;

X = value corresponding parameter;

p = overall mean of all the parameters; and
o = standard deviation of all the parameters.

After completion of the score calculation, one has to calculate the final score.

Their FS will determine the prioritization order for maintenance and improvement of
candidate LVRs. For finding the final score, a small tool was developed by using Java coding and
HTML coding. After giving all the inputs, it will directly give the maintenance priority.

TABLE 3 Variation of Main Criteria Weights between Second and Third Rounds

CriteriaA Round2 | Round3 CriteriaB | Round2 | Round3
SP 36 37 SP 44 45
PC 42 42 EP 32 32
EA 22 21 EA 24 23
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CASE STUDY

Application of the multi-criteria evaluation for the selection of LVR projects was done in Warangal
district. In Warangal district, Hanmakonda Mandal was selected for this study. Hanmakonda
Mandal headquarters is in Hanmakonda Town. It consists of 32 villages and 24 panchayats.
Ammavaripet is the smallest village and Paidipally is the biggest village in the Mandal. The total
population of Hanamakonda Mandal is 87,503 living in 19,474 houses, spread across a total of 32
villages and 24 panchayats. In Hanamakonda, the summer highest day temperature range is
between 33°C to 46°C. A total of eight road sections were selected for prioritization.

Consolidated Data for Prioritization

Social Parameters

In this criterion, the population served per kilometer was directly adopted such as access to
educational services, market centers, access to other services, and access to other roads. Marking
was given based on Panchayat Raj (name of local engineering department) engineer’s opinion.
Table 4 gives the consolidated social parameter data per low-volume road section.

Pavement Condition

Pavement condition parameters calculated using field studies data and equations provided by

different authors (Table 5).

TABLE 4 Consolidated Social Parameters Data

1 | Population served per km 377 2163 453 9,908 | 1,628 | 1,090 | 4,454 | 3,108

» | Access to educational 13 | 38 | 13 | 63 | 38 | 13 | 108 | 38
services
3 | Access to market centers 00 00 00 35 1.5 00 00 35
Access to other services
4 | (administrative and health 00 4.7 00 4.7 13.5 4.7 13.5 2.5
centers)

Access to other roads (NH,
SH, MDR, ODR, and VR)

Road as a community
priority

04 4 02 4.8 02 02 2.6 3.6

05 05 05 05 05 05 05 05

TABLE 5 Consolidated Pavement Condition Data

Parameters LVRI LVR2 LVR3 LVR4 LVR5 LVR6 LVR7 LVRS

1 | PC—distress index 41 65 72 54 86 91 68 72
2 | PC—roughness index 46 55 41 57 53 52 47 44
3 | PC—skid resistance index 96 82 68 108 109 105 98 120
4 | PC=structural capacity index | 1.63 1.56 1.20 1.16 1.29 1.29 0.88 0.92
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Economic Parameters

Economic parameters calculated using the HDM-4 software. VOC savings, TTC savings,
accident cost, and maintenance cost were directly calculated by using the HDM-4 software.
Monetary values were directly taken for prioritization. Pollution costs were calculated based on
the marginal external costs of transport in Delhi. Table 6 and Table 7 provide consolidated
economic and environmental data.

Prioritization Order for Selected Eight Low-Volume Road Sections

The FS were calculated using the program. After giving all the inputs, it will directly give the
maintenance priority. The maintenance priority order for selected road sections shown in Table 8.

Key Observations from the Final Ranking

In Criteria A, LVR7 got the highest priority. The reason for these social benefits from this is
more compared to remaining sections, and pavement condition is poor compared to remaining

TABLE 6 Consolidated Economic Parameters Data

Section Parameters LVR1 LVR2 LVR3 LVR4 LVR5 LVR6 LVR7 LVRS

1 Construction 0 0 0 0 0 0 0 0
cost

2 Maintenance 0.17 122 | 033 | 2.14 0.84 083 | 037 0.33
cost (millions)

VOC savings

3 C 448 | 24119 | 081 | 111.11 | 4559 | 2017 | 7236 | 66.67
(millions )

g | TTCsavings | 605 | 027 | 002 | 003 | 003 | 001 | 01 | 014
(millions)

5 Accident cost 0 0 0 0 0 0 0 0

6 Pollution cost | 13,780 | 459,357 | 9,310 | 246,377 | 114,233 | 55,809 | 97,271 | 100,918

TABLE 7 Consolidated Environmental Parameters Data

Section Parameters \LVRI LVR2 LVR3 LVR4 LVRS LVR6 LVR7 LVRS8
Duration of

1 submergence (no. 0 0 0 0 18 6 0 0
of days)
Possibility of

2 landslide or 0 0 0 0 0.2 0.1 0 0
flooding (km)

The extent of
positive impact on
surrounding
environment
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TABLE 8 Priority of Ranking

Criteria A Criteria B
Rank Section ID  Overall Score Rank Section ID Overall Score
1 LVR7 44.5 1 LVR2 66.54
2 LVR4 39.5 2 LVR7 52.28
3 LVRS 25.3 3 LVR4 43.88
4 LVR3 8.9 4 LVRS 41.65
5 LVRI 4.3 5 LVRI1 —35.53
6 LVR2 -8.3 6 LVR5 -47.02
7 LVRS5 -56.3 7 LVR3 -57.37
8 LVR6 -57.9 8 LVR6 -64.43

sections. In Criteria B, LVR2 got the highest priority. The reason for this is that traffic is more
and savings from this section are also more. In both criteria, the least preferable is LVR6. The
reason for this is that LVR6-Vkp was constructed recently so the pavement condition is good and
the socioeconomic benefits from this section are also less. The ranking priority is varying based
on the criteria used.

SUMMARY AND CONCLUSIONS

The author established two different criteria systems for the prioritization of LVRs for
maintenance and improvements based on the expert’s opinion survey using the Delphi method.
The study showed that the DT is the most useful method for developing weight—age of criteria
selected for prioritization. The expert opinion surveys indicated that the panel members differ in
their opinions regarding the criteria weights. Although they move closer to a consensus opinion
in a third-round survey, still some differences were observed. If more rounds are conducted, the
results would have been more satisfactory.

A comparison was made for the priority ranking given for two different criteria systems.
The results were inconsistent, but two sections results were comparable. Based on observation,
Criteria A was most suitable for conditions like no budget constraints and when less time was
available for doing projects. For Criteria A, data requirements were less. With budget
constraints, Criteria B is most suitable. For doing economic analysis with many data required,
Criteria B is more complicated, and collecting that much data required more time. For
developing countries like India, these criteria systems are most useful. This is a general study for
prioritization of LVRs for maintenance and improvement. Based on this study a set of criteria
shall be developed for new construction, rehabilitation, and upgrading of roads individually
based on local conditions, some additional criteria shall also be included.
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APPENDIX A: ROUND 1 SURVEY QUESTIONNAIRE FORMAT SAMPLE

APPENDIX B: ROUND 2 SURVEY QUESTIONNAIRE FORMAT SAMPLE

iteria in Social Parameters (If you are thinking any two
criteria are same important, you can give same ranks too )

Pairwise comparison method - For finding the weightage of
Main criteria parameters

The main criteria will be evaluated by comparing two criteria at a time. This is called a Rank the following sub criteria for prioritization of low volume
pairwise comparison method. roads (1 (Mostimportant), 2,3, 4,5, 6 ( Least Important ) )
1 2 3 4 3 (]
In the following questions, in each question, two main S —— o o o o o o
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i joriti l Access to
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volume roads
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. Health services)
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Access to other
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APPENDIX C: ROUND 3 SURVEY QUESTIONNAIRE FORMAT SAMPLE

APPENDIX D: PROGRAM FOR FINDING FINAL SCORES

Enter the no. of road sections 8

Enter the no. of Parameters 13

submit

welcome 8

Pl P2 P3
LVR1 377 13 0
LVR2 2163 38 0
LVR3 453 13 0
LVR4 9908 63 35
LVRS 1628 38 15
LVRG 1090 13 0
LVR7 4454 108 0
LVRE 3108 38 35
Weightage 6.4 6.6 6.9
submit




PLANNING AND ECONOMICS

Influence of Lane Width on
Semi-Autonomous Vehicle Performance

ALFREDO GARCIA
Universitat Politécnica de Valéncia

INTRODUCTION

In a medium term, there will be more and more semi-autonomous vehicles before the final
general deployment of fully autonomous vehicles. This change in the vehicle capabilities makes
it necessary to analyze their interaction with road infrastructure capabilities, which were
developed for human-driven vehicles.

Current systems present digital image processing technology using video cameras that
read the oncoming road path and process the information. However, road markings were
designed to be interpreted by drivers, not vehicles. Semi-autonomous systems, with Level 2 or
higher of automation, use road markings located at the edges of the lane to automatically
facilitate keeping the vehicle within the lane. Thus, the lane width is one of the geometric
parameters to be assessed.

The objective of this research is to study the impact of lane width and road marking
layout on semi-autonomous vehicle automatic lateral control (LKA). The automatic lateral
control of one semi-autonomous vehicle was tested along some tangent sections of urban streets
with different lane widths and road markings. The main hypothesis is the wider the lane and the
more continuity of the road marking, the more automatic the lateral control.

The semi-autonomous system tends to fail on narrow lanes. There is a maximum lane
width that always requires human lateral control, named human lane width. It was obtained for
lanes 2.5 m wide (8.2 ft). Moreover, there is a minimum lane width that allows automatic lateral
control to always maintain the control, named automatic lane width. It was possible for lanes
2.75 m wide. Finally, there is a lane width with the same probability of automatic and human
lateral control, named critical lane width (CW). The obtained CW was 2.72 m.

This is a pilot test of the new systems using only one vehicle. Nevertheless, new lane
width concepts have been proposed. Further testing with other vehicles and operational domains
should be considered to compare results.

A semi-autonomous driving system should be able to take control of the vehicle under a
given operational domain, continuously and uninterruptedly. However, these systems still need a
driver to monitor them, collaborate in operation, and take control when needed. According to
SAE J3016, this corresponds to current automation Levels 2 and 3. The automation levels
ranking, established by SAE International, is being adopted by most countries (1). It considers
six automation levels, from 0 (complete human driving) to 5 (complete autonomous driving).
Current vehicles reach Level 2 and, under certain limited operational domains, Level 3.

Since these systems require continuous human presence and monitoring, a human—
machine interface is needed. This system alerts the driver on when their attention and reaction
are about to be required. Unfortunately, existing semi-autonomous systems are in a very early
development stage, hence presenting frequent control losses and, therefore, annoyance to drivers.
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This is especially risky, since it increases drivers’ response times (2, 3).

The longitudinal road markings play an important role in autonomous driving. To identify
and read them, most of current efforts are based on artificial vision due to the higher cost of other
different systems with good results (4). Artificial vision systems must process a large amount of
information per second, in real time and with high reliability. For that purpose, the information is
first cropped to a certain region of interest, normally based on the instantaneous speed of the
vehicle. Every photogram will be further decomposed into matrices, being the HSI system the
most general one (5). Each one of these matrices is then processed to detect object boundaries
and textures. Classic edge detection algorithms compare adjacent pixels, while ridge-type
algorithms use more pixels and give better results (6).

This is a critical process, since road markings might not be in good state, thus leading to
unclear zones, or shady areas that are difficult to interpret as a road marking. Cacere et al.
proposed a methodology to overcome this limitation, based on an RGB filtering followed by an
intensity clustering (7).

With this information, another algorithm depicts a polyline centered in each road
marking, and inverse conic restitution is generally later applied (4). This procedure takes
visualized road markings and transforms them to projected coordinates. These coordinates can be
used by other algorithms to detect if they are the road edge, centerlines, or another kind of
pattern. Besides the correct detection of these lines for every photogram, it is necessary to
integrate them temporally, i.e., information provided by consecutive photograms must be
consistent (4). In most cases, stochastic methods are used.

There are some additional methodologies to compare the layout of the boundary lines that
conform a lane (which should be parallel in nearly all situations). These kinds of methodologies
help the system at confusing zones. Du and Tan applied a ridge detection methodology for this
purpose (6). They also applied previous filtering processes to enhance the quality of the
photograms.

The relative position of the vehicle can be directly determined based on inverse conical
restitution, but more advanced systems such as stereoscopic vision and a helping camera are
currently under development (4).

The literature review began to establish the scope for this research, as there are no
experimental studies of the impact of the actual lane width in the performance of automatic
lateral control.

METHODOLOGY

To meet the objective, one semi-autonomous vehicle with automation Level 2 had been driven
throughout some arterial tangent sections. The same driver performed all tests. These sections
presented a wide range of lane width. The semi-autonomous vehicle was a BMW 520d,
manufactured in 2017 and equipped with the package Driving Assistance Plus, with Adaptive
Cruise Control and LKA. With both systems activated the vehicle takes control of acceleration,
brakes and steering, keeping within a lane thanks to edge lines detection by means of two video
cameras, located behind the interior mirror.

The study site was an urban arterial ring road in Valencia City, 5.4 km long, with diverse
lane widths, range between 2.28 and 3.80 m (average 2.70 m). The total number of observed
lanes was 81, all located at tangents.
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Driver is required to continuously monitor the semi-autonomous system and he is also
asked to keep constant contact with the steering wheel, although it can be released for a few
seconds, before the system emits an acoustic warning.

By means of sensors this system can track the ongoing lane, as well as the surrounding
objects and vehicles. The system controls the vehicle with all this incoming information. If any
error, inconsistency or confusion takes place within the process, the system transfers control to
the driver, but no audible warning is emitted.

The vehicle was equipped with a high-definition video camera with GPS. This camera
was mounted besides the driver’s head, for simultaneous recording of the roadway, navigation
map, dashboard, hands position on the steering wheel, and the driver’s comments.

The minimum number of trips for every lane was 10, with the registration for every lane
and trip with or without automatic lateral control. Then, human and automatic lateral control
rates were determined for every lane.

FINDINGS

In the Figure 1, the automatic and human lateral control rate is represented for every lane, with
different widths. The main hypothesis is confirmed as the automatic control rate increases
proportionally to the lane width. In contrast, the human lateral control rate decreases.

The human lateral control is totally mandatory up to a 2.5 m lane width. This means that,
for this technology and currently, the proposed concept human lane width is 2.5 m.

Moreover, the automatic lateral control is able to always perform for lanes 2.75 m wide
or wider. This means that, from the observations, the automatic lane width is 2.75 m.

In the Figure 2, the average automatic and human lateral control rates are represented for
every lane width class (5 cm wide). The above-mentioned performance is observed, and the CW
can be calculated as the intersection of both lines, determining the same probability for human
and automatic lateral control at 2.72 m.

FIGURE 1 Automatic control versus human control.
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FIGURE 2 Critical lane width.

It is observed that the automatic lateral control is lost very quickly for widths lower than
the automatic lane width, that means a very high sensibility of the automatic system, i.e., if any
error, inconsistency or confusion takes place within the process, the system transfers control to
the driver.

Taking into account the automatic lane width and the total width of the experimental
vehicle, 2.75 m and 1.87 m, respectively, the minimum lateral space that the automatic system
needs is 0.44 m wide, just for tangent sections.

Therefore, assuming the same lateral space for heavy vehicles and their usual maximum
width (2.60 m in United States and 2.55 m in Europe), the automatic lane width for heavy
vehicles can be estimated, resulting 3.43 to 3.48 m wide.

CONCLUSION

Three new lane width concepts are proposed and determined for tangent sections: the human lane
width (<2.50 m) for total human control; the automatic lane width (>2.75 m) for keeping the
lateral control automatically; and the CW (2.72 m) with the same probability of human and
automatic control. Therefore, there is a very short lane width range (0.25 m) for losing the
automatic control. The current LKA needs a lateral space of 0.44 m that inferred an automatic
lane width for heavy vehicles of 3.43 to 3.48 m.

For the current level of development of the vehicle automation, the lane width cannot be
reduced and there will be performance problems for heavy vehicles with lanes no wider than
3.50 m. Along low-volume roads, only segments with enough lane width will allow the
performance of automatic driving systems, assuming a good visible and continuous road marking
for the edge lines. Another issue is related to the common high curvature of the horizontal
alignment that provoke many transfers of the control to the driver for the usual operating speed.
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Some experimental issues were raised during the observations: related to the road
marking discontinuity, color (white and yellow), and visibility of paint and some dust; some
shadows over the carriageway; and, the sun glare (east—west orientation).

In a further research, more observations with other makes and models, including heavy
vehicles, should be carried out in different environments. Moreover, other road elements, such as
horizontal and crest vertical curves, should be analyzed. Adverse weather, night driving and sun
glare could be studied. Other aspects related to digital image processing of the semi-autonomous
system should be covered so as to perceive and react with less lateral space.

Since increasing the widths and improve road markings on rural road networks is just not
going to happen any time soon in any country, using semi-autonomous vehicles on some rural
roads may force overridden the systems in the vehicle, thereby compelling a Level 0 condition
until the progress of technology.
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Guide Specification for Gravel Road Surfacing

STEPHEN MONLUX
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INTRODUCTION

The quality of gravel road surfacing materials varies widely for numerous reasons, many of
which relate to rock crushing specifications that are inadequate and poorly enforced. State
department of transportation specifications establish good standards and acceptance practices for
base course aggregate, but normally do not contain adequate requirements for gravel road
surfacing and do not provide reasonable contract administration methods for low-volume road
agencies with limited resources. Gravel can be crushed so it lasts much longer when managers
use a more comprehensive specification and focus attention on certain critical details during
crushing. Monlux provides a guide that has been used by counties in Idaho, Montana and
Wyoming since 2015 (1) and has been reviewed by five crushing contractors. In addition to
providing suggested specification limits and contract clauses for quality and quantity assurance,
it also has a User Guide that explains the rationale behind each part of the specification. This
helps personnel decide whether specific provisions are valid as is, or need modification to fit
local conditions.

METHODOLOGY

The information presented below and in the referenced specification is a collection of successful
approaches to crushing gravel road surfacing that has worked well for low-volume road agencies.
Updates are reviewed annually by numerous county road supervisors, crushing contractors, and
consulting engineers that are closely associated with low-volume road gravel surfacing.

Materials Source Exploration

Even if there is an exposed work face in the gravel source, dig exploration pits within the pit
boundaries to assure materials are consistent, and there is enough material present to produce the
desired quantity. Compare the pit run gradation with the gradation specification to determine if
the limits are realistic. Adjust as necessary. Consider the costs and benefits of adding select
borrow or clay. If necessary, employ a geotechnical-materials engineer familiar with current
unpaved road materials practices.

Suggested Process for Changing Specifications
Meet individually with local crushing contractors to explain your objectives and consider their

feedback on the proposed specification and the likelihood of bid increases. If realistic, use the
old specification name followed by the word “modified” in parenthesis. If there are concerns
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about excessively high bids, consider making only a portion of the changes during the first
contract.

Contract Prework Meeting

Schedule a meeting that includes on-the-ground supervisory personnel to discuss the
specification and note any concerns. Try to resolve the concerns prior to starting mobilization.

Verification of Contractor Testing

Conduct a crusher site meeting between the owner’s consultant laboratory personnel and
contractor testing personnel when the crusher starts operations to ensure sampling and testing
equipment and procedures are correct.

Composite Daily Acceptance Samples

The simple acceptance sampling process eliminates sampling bias and disputes and is critical
when the owner wants to reduce quality assurance costs. This process is popular with crushing
contractors because the sample represents the daily average instead of snapshot samples taken
throughout the day. The daily acceptance sample is taken from a small stockpile formed by
multiple bucket loads taken at regular intervals throughout the workday. Samples are taken by
the contractor and tested by both the contractor and the owner’s consultant. Maximum allowable
differences between test results are contained in the specification. Here is an excerpt that shows
the level of detail in the acceptance sampling process:

“Build acceptance sample stockpiles by taking full bucket load samples with a front-end loader for
every 200 tons crushed. Follow ASTM D75 Section 5.3.3.1. procedures. Sample from fixed rotary
stacking conveyors by sampling from the fresh pile face between the coarse and fine sides of the
pile. Sample from telescoping rotary stacking conveyors by diverting the stream to fill up a loader
bucket. When stockpiling with hauling vehicles, take bucket loads from the surge pile or by filling
the bucket from the surge bin. After the acceptance sample stockpile contains 5 or more bucket
loads mix the sampling stockpile with a front-end loader, and then flatten to a 12 to 15-inch-thick
layer by back dragging the bucket cutting edge. Make a composite acceptance sample from eight
to ten random locations on the flattened surface such that a sample of at least 150 1bs. is available
for splitting to testing size.”

Gradation and Clay Requirements

Specification limits should be based on what can be realistically produced from local gravel
sources. If the sources do not contain the desired amount of clay, there are five options for
adding clay that are explained in the next section. The simple payment adjustment process shown
in Table 1 encourages contractors to produce better materials and simplifies dispute resolution
when gravel does not meet specifications. A 5% bonus payment is available only if significantly
better gravel is provided. Marginally qualified contractors, or those that traditionally bid low, do
not meet specification or submit numerous claims, will typically bid higher because the payment
adjustment process for out-of-specification gravel is part of the contract.
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TABLE 1 Requirements for Gradation, Percent Fracture, and Plasticity Index

Pay Adjustment Factor 1.05 1.00 0.95 0.75 0.50 0.00
Sieve Size Percent Passing

5/8 inch 100 100 100 100 100 100
3/8 inch (8) 69-81 67-83 65-85 63-87 61-89 <61 or >89
No. 4 (6) 50-66 48-68 46-70 44-72 42-74 <42 or >74
No. 16 (4) 27-40 25-42 23-44 21-46 19-48 <19 or >48
No. 40 (3) 19-28 17-30 15-32 13-34 11-36 <11 or >36
No. 200 (2) 10-16 8-18 7-19 6-20 5-20 <5 or >20
% fracture, one face, min. (15) 75 65 60 55 50 <50
Plasticity index (5) 4-10 4-10 2-10 0-10 0-12 0or>12

NOTE: Values within parenthesis are maximum allowable differences between consultant and contractor test
results. The pay factor selection is based on the average of all gradation tests when gravel is stockpiled.
Specification limits in this table must be adjusted to make the requirements realistic for agency-owned or local
commercial gravel sources.

Options for Adding Clay Binder

Other than gradation, clay binder is the most critical component in gravel surfacing and should
be included to reduce dusting, wash boarding, raveling, potholing, and blading maintenance. One
of five options for adding clay must be selected by editing the specification. Here is an excerpt
that shows the five options as they appear in the specification.

Option I For gravel sources with no clay. Uniformly add material containing clay in
the amount needed during crushing to meet requirements in Table 1. Clay may need to be
pulverized such that the crushed gravel has no more than 2% clay lumps retained on the No. 4
sieve. The plasticity index requirement can also be achieved by adding processed clay or
bentonite from private offsite sources.

Option I1 For gravel sources where the amount of clay is unknown: If necessary, add
offsite clay or processed bentonite to meet plasticity index specifications in Table 1. Clay may
need to be pulverized such that the crushed gravel has no more than 2% clay lumps retained on
the No. 4 sieve.

Option III  Where the agency provides a stockpile of clay: While crushing and
stockpiling aggregate, load, haul, and uniformly add stockpiled clay shown on the drawings in
the amount needed during crushing to meet requirements in Table 1. Clay may need to be
pulverized such that the crushed gravel has no more than 2% clay lumps retained on the No. 4
sieve.

Option IV~ Where the agency designates a clay source and specifies a by weight
percentage to add to the aggregate—plasticity index requirement in Table 1 is deleted: Add clay
from the designated source in the percent by weight of aggregate indicated on the drawings or in
the schedule of items.

Option V Where the agency knows clay is present in the desired amount in the
source or the agency plans to add clay to the stockpile or to gravel on the road after placement:
Delete this subsection and also delete requirements for plasticity index in Table 1.
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Stockpiling Requirements

Stockpile area floor construction methods are provided as well as requirements for stockpiling
that reduce segregation. A bonus payment is provided where specific methods and equipment are
used that reduce segregation.

Suitability and Utilization of Agency-Owned Materials Sources

Wording in this section will help eliminate claims from contractors that cannot meet
specifications, provided the owner has done a reasonable gravel source investigation and the
selected specification limits for gradation and plasticity index are realistic.

Measurement by the Cubic Yard

The cubic yard payment has several advantages over payment by the ton. Although tonnage is
the preferred method of measurement by contractors, it is often difficult for low-volume road
agencies to assure accuracy since they have a small workforce. Accurate drone survey equipment
and software now exist to make volume measurements practical and avoid quantity assurance
problems related to verifying quantities from conveyor belt or loader scales that can be
manipulated by contractors. Volume measurements also improve the accuracy of quantity
accounting for internal audits within road agencies. The specification for stockpile measurement
by the contractor is shown below:

“Determine cubic yard quantities of crushed aggregate by conducting measurements before and
after stockpiles are built by employing a licensed surveyor to conduct measurements via a 3D or
2.5D reconstruction. Determine volume using unmanned aerial vehicle photogrammetric processes
that capture a ground sample distance of no more than 5 cm. Adequate ground control points and
check points must be incorporated whereby all points are collected according to industry-standard
survey practices. Provide all survey data to the agency for verification.”

Payment Between 90% and 110% of Specified Quantities

The range for acceptable quantities was established to reduce contractor bidding contingencies
related to not getting paid for the quantity of gravel actually crushed.

Suggested Information to Include on the Drawings

The specification user note provides a list of items to include on the pit plan for designated
gravel sources. This list should help owners with gravel pit development and utilization as well
as reducing contract claims when specifications are difficult to meet.

FINDINGS

Counties using some or all of the suggested practices have found that gravel and dust abatement
performance life increases significantly and that these increases more than offset the relatively small
increase in crushing cost attributed to requiring more realistic and comprehensive specifications.
Unfortunately, gravel performance life measurement requires a long-term commitment that most
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road managers find difficult to complete. An anecdotal indicator of improved performance is simply
having to crush less rock per year after better specifications are used.

CONCLUSION

Annual costs for gravel surfacing can be reduced and quality improved by adopting better
specifications for crushing. Other benefits include less road blading, reduced dust abatement
costs, lower resource depletion, and more satisfied road users.
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INTRODUCTION

The worldwide network of unpaved roads is estimated to include at least 14 million km (8.7
million miles) (1). Although they are vital for local communities, these roads are expensive to
maintain and may cause environmental damage through sediment and dust pollution (2). Among
aggregate-surfaced roads, locally available materials are often used as a surface wearing course,
with little or no testing and sometimes no formal specification. The materials vary widely in
quality and may deteriorate quickly. As a result, road managers may be forced to increase the
frequency of maintenance grading and aggregate replacement to compensate for the poor
performance. Improving the quality of surface aggregate on unpaved roads is one strategy for
increasing road performance while also reducing environmental impacts. Although higher-
quality aggregates require greater up-front investment, they can result in lower overall life-cycle
costs by extending road life and reducing maintenance costs.

Driving Surface Aggregate (DSA) is an aggregate specification developed by the
Pennsylvania State University Center for Dirt and Gravel Road Studies that is designed to
achieve maximum compaction and resist erosion. The gradation of DSA, coupled with
recommended optimum moisture and placement guidelines, results in a smoother, more tightly
bound surface that preserves fine material rather than allowing it to escape as sediment or dust.
In previous studies, DSA has been shown to reduce sediment runoft by 80% to 90% (3) and dust
production by up to 90% (4) compared to existing road surface gradations. Although DSA has
been used extensively in the state of Pennsylvania the specification is almost unknown
elsewhere. The objective of this study was to demonstrate the benefits and limitations of DSA
when deployed across a wider geographic area.

Road sections of DSA were installed at two federal lands sites in the eastern United
States. Sediment runoff, dust production, and road surface condition on these sections were
measured approximately 12 months post-construction. At both sites, DSA reduced sediment
runoff by up to 91%, relative to traditional aggregates. At one site in Indiana, DSA also reduced
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dust production and aggregate loss. At the other site in Vermont, DSA and traditional aggregate
sections performed similarly in dust production and road condition. Overall, this study (1)
demonstrates that DSA can be an effective and environmentally responsible aggregate choice for
unpaved roads, and (2) provides information on site conditions (e.g., roads near headwater
streams) under which DSA is likely to be particularly beneficial.

METHODOLOGY

Road sections of DSA were installed at the Muscatatuck National Wildlife Refuge (NWR) near
Seymor, Indiana, and at the Green Mountain National Forest (NF) near Rochester, Vermont.
These sites were chosen to represent broad ecological areas in the eastern half of the continental
United States. Prior to construction, samples of DSA mix from each supplying quarry were
analyzed for size—gradation, LA abrasion resistance, pH, and plasticity to confirm compliance
with all DSA specifications (5), including the requirement that DSA be produced from crushed
aggregate. Because DSA may be used as an alternative to dust abatement or other unpaved road
treatments, no additional treatments were applied to test sections. At each site, an additional road
section was surfaced with an aggregate that was traditionally used for previous unpaved road
projects at the site (i.e., business as usual). Measurements of DSA performance were compared
to the traditional aggregate to ensure that any benefits observed could be attributed to DSA,
rather than simply to the addition of new aggregate.

At Muscatatuck NWR, a 1.5-mi (2.4-km) section of DSA and a 0.25-mi (0.4-km) section
of traditional aggregate were placed on a one-way tour loop through the refuge. The road was 12
feet (3.7 m) wide with grades up to 3% and primarily open canopy vegetation. Traffic consisted
of passenger vehicles [estimated 50 average daily traffic (ADT)] and the speed limit was 25 mph
(40 km/h). Each road section was graded to establish a 4% to 6% crown prior to placement. As
recommended in DSA guidance (5), DSA was brought to optimum moisture based on standard
proctor testing, placed in a single 6-in. (15-cm) lift using a motor paver, and then compacted to
4.5 in. (11 cm) with a vibratory compactor. Traditional aggregate was placed using standard local
procedures of tailgate spreading without optimum moisture and compaction with a vibratory
roller mounted to a skidsteer. Placement differences were expected to have less influence than
material characteristics on aggregate performance, based on a previous 3-year study with DSA
and other aggregates (6). The DSA specification was quite different from that of the traditional
aggregate used at Muscatatuck NWR (Table 1).

At the Green Mountain NF, a 0.75-mi (1.2-km) section of DSA and a 0.25-mi (0.4-km)
section of traditional aggregate were placed on Chittenden Brook Road, which provides seasonal
access to a popular campground. The road was 18 ft (5.5 m) wide with grades up to 14% and
primarily closed canopy vegetation. During the open season (May 1 to December 15), traffic
consisted of passenger vehicles (estimated 25 to 50 ADT) and the speed limit was 25 mph (40
km/h). Local quarries were limited near the Green Mountain NF, which increased haul distances
and associated costs for the DSA installations. Paver availability was also limited; therefore,
DSA and traditional aggregate were tailgate-spread. Although the installation did not comply
with standard DSA placement guidance (5), it provided a representative test case for other
remote sites that will likely face similar challenges. Prior to placement, the road was graded to
establish a 4% to 6% crown where possible. DSA was tailgate-spread at optimum moisture,
shaped to 6-in. (15-cm) depth with a motor grader, and compacted to 4.5 in. (11 cm) with a
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vibratory compactor. Traditional aggregate was tailgate-spread without optimum moisture. The
DSA specification was quite similar to the existing Forest Service aggregate specification in use
at the Green Mountain NF (Table 1).

Performance of DSA and traditional aggregates at both sites approximately 12 months
after construction were compared using three metrics: (1) sediment runoff, (2) dust production,
and (3) surface condition. Sediment runoff was measured using a rainfall simulator and runoff
collection system developed by the Center for Dirt and Gravel Road Studies (3). The system
simulated a rainfall event [0.6 in. (1.5 cm) in 30 min] on a 100-ft (130-m) section of road. The
rate of runoff was measured and runoff samples were taken to estimate total sediment load
produced by each section. Dust production (total particulate matter) was measured using a
vehicle-mounted DustTrak DRX Aerosol Monitor (Model 8533, TSI Incorporated, Shoreview,
Minnesota). Each road section was driven three times with a sampling rate of one sample per
second, yielding three dust profiles per section (7, 8). All measurements were taken at a height
and speed recommended by previous studies (9, 10). Road surface condition was assessed using
a protocol modified from Central Federal Lands Highway Division (11) to quantify the severity
of four common surface distresses—wash boarding (corrugations), raveling (loose material),
rutting, and potholes—and then assign relative ratings of performance.

FINDINGS

At Muscatatuck NWR and the Green Mountain NF, DSA reduced sediment runoff by 91% and
64%, respectively, relative to traditional aggregate sections (Figure 1). Differences in sediment
production were more dramatic at Muscatatuck, which was expected because of larger
differences in the traditional aggregate and DSA specifications. Muscatatuck also is open to
traffic year-round, which likely increased wear on the road. To put sediment runoff at
Muscatatuck in perspective, each mile (1.6 km) of DSA-surfaced road could be expected to

TABLE 1 Specification for DSA and Actual Material Characteristics of DSA
Mixes Compared to the Traditional Aggregate Specifications Used at
Muscatatuck NWR, Indiana, and Green Mountain NF, Vermont

Percent passing each sieve by weight

mm 38 25 19 9.5 4.76 2.36 | 1.19 | 0.420 | 0.074 .
Passing Sieve Size n 5 T | 0.75 | 0.37 | 0.187 | 0.094 | 0.047 | 0.017 | 0.003 P'I"’:‘s;::ty
sieve #4 #8 #16 # 40 #200
Driving Surface Aggregate
DSA Specification] 100 65-95 30-65 15-30 10-15 0-6
Indiana DSA (actual)] 100 99 85.3 | 49.3 31.7 16.6 11.2 0
Vermont DSA (actual)] 100 100 100° 79.6 58.1 35.7° 11.5 0
Traditional aggregates
Indiana Coarse Aggregate #53' 100 | 80-100| 70-90 | 55-80 35-60 25-50 | 10-12 5-10 0-5°
USFS Surface Gradation F?| 100 97-100 | 76-89 | 56-68 43-53 23-32 | 15-23 | 10-16 2-9°

#Values slightly out of range of DSA specification
®In addition to Plasticity Index range of 0-5, the liquid limit shall not exceed 25
°Plasticity Index range is 2-9 if passing 0.074mm sieve is less than 12%, but must be 0 (non-plastic) if passing 0.074mm sieve is more than 12%

REFERENCES
1 Indiana DOT Standards and Specifications, p. 862, https://www.in.gov/dot/div/contracts/standards/book/sep17/2018Master.pdf
2 US Forest Service, National Road Construction Specifications (EM-7720-100), Division 700 Materials, https://www.fs.fed.us/database/acad/dev/roads/700part1.pdf
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FIGURE 1 Average sediment production from each road section during a simulated rain
event (0.6 in. in 30 min). Bars represent means of three rain events per section. Error bars
represent standard deviations.

produce approximately 13 1b of sediment per 0.6 in. (1.5 cm) in 30 min rain event, while each
mile (1.6 km) of traditional aggregate would produce more than 143 Ib.

For dust production, the DSA section at Muscatatuck NWR produced 77% less dust than
the traditional aggregate section (Figure 2). At the Green Mountain NF, dust production was
essentially equivalent between the DSA and traditional sections. This pattern likely occurred as a
result of (1) the similarity of the two aggregate specifications and (2) the closed canopy
conditions, which helped maintain road moisture on both sections. At both Muscatatuck NWR
and the Green Mountain NF, the overall concentrations of dust measured were limited by
unexpected rainfall prior to sampling.

For road surface condition, the primary benefit of DSA relative to the traditional
aggregate was in the reduction of raveling or loose aggregate. At both sites, the DSA section had
less loose material on the road surface (Table 2), highlighting DSA’s ability to maintain a
compact surface and reduce aggregate loss. These benefits would be expected to result in
reduced need for surface maintenance, reduced frequency of aggregate replacement and lower
life-cycle costs.

CONCLUSIONS

Overall, this study adds to the evidence that DSA can be a useful technology for improving
unpaved road performance. At both Muscatatuck NWR in Indiana and the Green Mountain NF in
Vermont, DSA reduced sediment runoff by up to 91%, relative to traditional aggregates. In this
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FIGURE 2 Average dust production for each aggregate type at each test site. Bars
represent means of three runs per section. Error bars represent standard deviations.

TABLE 2 Road Condition Evaluation Results ~12 Months After Installation of DSA
Sections, Relative to Sections Surfaced with Traditional Aggregate; Ratings Were Assigned
Based on Depth of Surface Distresses According to Appendix B of Woll et al. (11)

Washboarding Raveling Rutting Potholes
Mean Mean Mean
depth depth depth Overall
Site Section (mm) Rating® (mm)  Rating (mm)  Rating Rating® rating
M tatuck Traditional
uscatatuc
aggregate
National Wildlife gareg 0 10 17 6 8 8 10 85
Refuge, IN DSA 0 10 10 7 8 8 10 8.8
~ Traditional
Green Mountain aggregate 16 9 7 8 4 9 10 9.0
National Forest,
VT DSA 0 10 3 9 7 8 10 9.3

2All ratings on a scale of 0 to 10, with 10=best condition
®No potholes were observed on any section; therefore, all sections received a rating of "10"

NOTE: 25.4 mm=1 in

case the use of DSA would translate into the elimination of 130 1b of sediment runoff per mile
(1.6 km) of road per 0.6-in. (1.5-cm) rain event. Therefore, the adoption of DSA may be
especially beneficial at sites where unpaved roads are adjacent to water resources such as
headwater streams. At Muscatatuck NWR, DSA sections also produced less dust and exhibited
less aggregate loss than traditional aggregate sections, thereby improving driving conditions for
visitors and staff. At the Green Mountain NF, DSA and the traditional aggregate performed
similarly in dust production and road condition. Site-specific differences in this demonstration
provide useful information on local conditions that influence the relative benefit of choosing
DSA.
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DSA is likely to be most beneficial at sites where traditional aggregate specifications are
quite different from DSA, the blending and hauling of the material is not cost-prohibitive, and
the road section in question has typically required frequent maintenance. DSA may not be a cost-
effective choice for some remote or high-altitude sites, primarily because of hauling concerns.
DSA is also likely to be less beneficial on roads that have only limited issues with dust and
surface distresses.

Although DSA may not be the best choice for all sites, the benefits demonstrated here
highlight the importance of more rigorous characterization and more careful selection of
aggregates for unpaved roads—the subject of a growing body of work worldwide (12—14). The
most convenient or cheapest aggregate is rarely the best choice when considering full life-cycle
costs, including maintenance blading and frequency of aggregate replacement. Although
improved aggregates may require more up-front investment, the result is a road that lasts longer,
has less environmental impact, and costs less to maintain.

DISCLAIMER

Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. government.
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Clay Content Optimization Test for Gravel Road Surfacing

STEPHEN MONLUX
LVR Consultants LLC

BETHANY DURIE
Holman Consulting Engineers

INTRODUCTION

This paper addresses surface course aggregates for which it is anticipated a clay additive is
necessary to improve gravel life. In current practice, gravel road surfacing specifications
generally consist of requirements for plasticity index (PI) or gradation. Gravel surfacing meeting
these traditional criteria often underperforms and may experience excessive dusting and loss of
aggregate. The use of chloride for dust control is considered essential in dry climates on gravel
roads with heavy truck traffic regardless of the gradation and clay characteristics. The clay
optimization procedure uses chloride as a standard additive and determines the optimum amount
of clay needed to control chloride leaching and limit the potential for rutting issues in the wetter
months of spring.

The clay content optimization process involves evaluation of compacted chloride-treated
aggregate—clay mixtures (that typically fall close to or within traditional specified parameters)
over a range of clay contents. This method utilizes California bearing ratio (CBR) and chloride
retention tests that indirectly measure aggregate packing characteristics and void structure
through measurement of the rutting potential and tendency for leaching of chloride. Minimum
thresholds for the CBR value and percent chloride retention have been set based on personal
field observations of the author. Optimal clay content is typically the highest value at which both
thresholds are met.

Others have suggested a more comprehensive approach in evaluating anticipated
performance of surfacing aggregates by considering parameters set for additional criteria such as
grading coefficients and shrinkage products (1). These methods are not excluded from the clay
content optimization process, and this process can be used to further evaluate and optimize
surfacing gravels that fall within those parameters.

Since 2006, use of this methodology has provided improvement to surfacing performance
and life-cycle costs associated with 15 or more projects in Montana, Idaho, Wyoming, and
Alberta, Canada.

METHODOLOGY

The process described assumes the aggregate used requires addition of clay to achieve proper
performance and that 1.5% calcium chloride for dust abatement is going to be used. Use of
higher percentages of chloride can create issues during construction by causing aggregate to hold
onto moisture at levels exceeding optimum. Use of lower percentages of chloride have been
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found to be less effective in that they abate dust for significantly shorter duration of time. Durie
(2) provides a detailed explanation of the process and testing forms. An overview of the process
for clay optimization testing is explained in the following sequential steps.

Aggregate Sampling

Aggregate must be sampled carefully to ensure it represents the overall gradation of the material
to be utilized. There are numerous published guidelines that can be consulted for information
regarding approved methods of sampling.

Aggregate Test Sample Formation

Field samples should be visually compared in the laboratory for differences in gradation or
composition. Separate clay content optimization determinations may be warranted for each
distinct material encountered. Samples representing each of the separate materials encountered
should be homogenized and reduced into representative portions for testing using standard
methods. The sample size required for each aggregate—clay blend is approximately 100 to 150 Ib.

Initial Aggregate Testing

The accuracy of the test sample reduction process should be confirmed by performing sieve
analysis, PI, and moisture content testing on two randomly selected sample splits. If tests do not
compare within reason, field samples may require recombination, additional mixing, and re-
splitting. Test results from field samples should also be compared with those from crushing
quality control testing to determine if the field sampling is representative. If differences are
significant, validity of field sampling and crushing quality control testing may need to be
investigated before proceeding with further testing.

Additive Sample Sources and Characteristics

Samples of clay used in the optimization testing process should be from the same sources and in
the same form that is intended for use during construction. Use of commercially processed
bentonite clays is preferable to pit or bank run clays because they are more uniform and are
already reduced to sand size or in powder form. If intending to use pit or bank run clays, they
must have a low enough moisture content to allow pulverization to less than 4 in. The gradation
and PI of each clay sample should be determined prior to use in the optimization procedure. This
will assist in selecting the percentages to use for trial blending.

While calcium chloride may be used in the field in either liquid or dry form, it is
recommended that the chloride be incorporated in the liquid form when performing laboratory
tests on aggregate—clay mixtures. This will better distribute the chloride throughout the mixtures
during the testing process thereby producing more consistent results. Dry calcium chloride
pellets should be made into a salt brine at approximately 38% concentration. Brine
concentrations in the laboratory should be verified before proceeding with clay optimization
testing.
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Selection of Clay Contents for Optimization Testing

If using bentonite, trial percentages of 2%, 3%, and 4% are suggested starting points. If using
bank run clays, trial percentages of 3%, 5%, and 7% are suggested. All blending should be done
based on dry weights of both aggregates and clay.

Mixing Aggregate with Additives

Aggregate—clay mixtures should be prepared at three different percentages of clay. One large
batch can be prepared for each aggregate—clay blend from which material for individual
specimens can be split, or individual batches can be prepared for each compacted specimen
(recommended). 1.5% calcium chloride (in brine form) by dry weight of aggregate—clay blend
should then be incorporated into the mixture. Additional water should be added to the material
for each specimen to reach target moisture contents. After bringing to desired moisture content,
material should be placed in covered containers and allowed to sit overnight prior to compaction.

CBR Testing (AASHTO T193)

After selection of clay contents to be used in the trial mixtures, optimum moisture and maximum
dry density of each of the mixtures should be determined using the modified compaction method
(AASHTO T180). Three CBR specimens should be prepared at optimum moisture for each of
the clay contents. These specimens should be compacted to target densities that span a range
from approximately 92% to 98% of maximum dry density. Specimens should then be soaked for
four days with a 10 1b surcharge. After the soak period, CBR penetration testing should be
performed on each of the specimens. Following penetration testing, specimens should be
removed from the molds and retained for subsequent testing.

Chloride Retention Testing

Material from the unmolded specimens should be oven dried to constant weight. It is critical that
dry weights of specimens be recorded immediately upon removal from the oven to avoid
potential inaccuracies caused by calcium chloride’s affinity for absorbing moisture. Specimens
should be transferred into plastic containers and covered with enough water for adequate free
liquid above the aggregate for specific gravity testing of the solution. The weight of added water
should be recorded.

The material should be thoroughly mixed with the water to allow the chloride to enter
into solution. The sediment should be allowed to settle until the supernatant solution is clear. The
calcium chloride concentration of the solution should then be determined by specific gravity
testing, and the dry weight of calcium chloride calculated. The percent chloride remaining in the
sample after CBR testing is the weight of calcium chloride relative to the dried sample weight
minus the weight of the calcium chloride. The percent chloride retention is the percent chloride
retained by the specimen after CBR testing relative to the 1.5% that was originally added to the
material prior to compaction.
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Data Tabulation and Analysis

Values for CBR and chloride retention at 95% compaction should be determined for each of the
three aggregate—clay trial blends. These values should be plotted against the corresponding clay
contents in the aggregate—clay mixtures. The optimal clay content is selected by determining the
highest added clay content that meets the minimum CBR of 40 and minimum chloride retention
of 70%. CBR values above 40 generally have reasonable resistance to rutting after being
subjected to spring snowmelt saturation, provided road crowns are maintained in the fall season
prior to winter. Values above 70% chloride retention normally provide good chloride life and
resist leaching. Example plots of CBR and chloride retention versus percent clay used for
optimal clay content selection are shown in Figure 1.

FINDINGS

The clay optimization process has been found to be useful in improving performance of gravel
road surfacing. This process provides a more comprehensive means of evaluating the quality of
aggregate—clay mixtures used for gravel road surfacing than traditional methods that consider PI
alone in determining percentages of clay additive. This process takes into account characteristics
of the compacted mixtures in determining the optimum clay content. It quantifies the ability of
the aggregate—clay blends to retain chloride which extends the life of dust abatement, thereby
reducing costs. This process also identifies rutting potential that may be caused by addition of
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FIGURE 1 Clay and chloride mix design summary. CBR and chloride retention values at
95% modified compaction for each aggregate—clay mixture are plotted against its
percentage of added clay. Optimized clay content is the maximum clay content at which the
minimum thresholds for CBR value (40) and chloride retention (70%) are met. The
minimum CBR value of 40 is met with 3.6% or less added clay. The minimum retention
value is met at 3.2% or more clay. The optimized clay content for this aggregate—clay
mixture is 3.6%.
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too much clay and thereby provides a means to minimize cost associated with overuse of
expensive clay additive and rutting damage to aggregate surfacing.

It has been found that clay treated aggregate containing chloride can be slippery in the
spring for a week to 10 days in drier climates of the northern Great Plains states and in central
Canada. However, this problem can be reduced by maintaining 4% crowns and is quickly
forgotten by road users and agency personnel when they realize that the aggregate—clay—chloride
mix provides a dust free smooth road surface for 4 to 6 months and that road blading and
aggregate replacement is significantly reduced.

CONCLUSIONS

The clay optimization test process has the potential to offer benefit to gravel road surfacing
projects by providing the means to evaluate performance characteristics of surfacing aggregates
in the laboratory prior to use in construction. In so doing, optimal blends can be selected to
maximize performance in the field. Implications for its benefit are improved chloride retention
and reduced rutting potential. These benefits can also translate into savings associated with
maintenance and life-cycle costs.

Due to observed success in producing satisfactory end products over the course of more
than a decade of use, the author has continued to advocate for and utilize this process.

While this process has been found useful, further testing and observations of its benefits
may lead to further refinement of the process and more widespread use. This could in the future
result in general acceptance and incorporation into specifications used by agencies overseeing
construction of low-volume roads.
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Use of Gravel Loss Prediction Models in the Design and
Management of Unsealed Road Pavements
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Many countries have large unsealed road networks which are essential for business
efficiency, social connectedness, and community safety. These roads are maintained at
considerable cost mainly through blading and re-graveling. The latter is a major component of
the maintenance and is determined by gravel loss. Gravel loss prediction models can be used to
assess the effect of different wearing courses, which provides useful input into the design and
management of unsealed roads. This paper reviews the origins, input parameters, and output of
four available gravel loss prediction models—the Transport and Road Research, HDM-4,
Australian, and South African models. It was found that the predictive accuracy of the models is
in general low and they predict very different gravel loss results. There is also a lack of
integration between the design and maintenance, leading to the wearing course properties
recommended for design not being directly linked to gravel loss. These findings led to further
analysis of the models and the development of re-graveling frequencies based on traffic, climate
(annual rainfall), and material property (plastic factor), which can be used in the selection of the
appropriate wearing course material and in the determination of re-graveling budgets. This
presents a simplified approach to the use of existing gravel loss prediction models in the design
and management of unsealed roads which mitigates some of the shortcomings in the use of
uncalibrated models.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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Long-Term Study on the Cost-Effectiveness of Dust Control on
Untreated Aggregate-Surfaced Roads

GLEN LEGERE
ALLAN BRADLEY
FPInnovations

long-term study of treated and untreated aggregate resource roads in Canada was

conducted. The objective was to investigate the cost-effectiveness of annual dust control
treatments where the hypothesis is that annual applications may prolong aggregate life. Seven
sections along two road segments with different traffic levels were studied over 5 years. A
survey of road users revealed that 88% agreed that the treated sections were safer because of the
increase in visibility and quicker dust settlement times. Evaluation of surface aggregate indicated
some aggregate wear but there were no significant differences between treated and untreated
sections. The source and quality of crushed aggregate has an impact on road performance. The
condition of the running surface did not indicate any major performance differences between the
treated and untreated sections. Regardless of treatment, age, or aggregate sources, a general
downward trend in Unsurfaced Road Condition Index was observed, indicating wearing course
degradation over time. The study revealed a strong correlation between traffic volume and
maintenance intensity. Moderately higher travel speeds were measured on the treated versus
untreated sections. When the cost of treatment and maintenance was compared with historical
costs, the dust control scenario was more expensive. However, when log hauling cost savings
from increased travel speeds were introduced, the dust control was approximately cost neutral in
low traffic scenarios and moderately better for high traffic. If non-quantifiable benefits, such as
increased safety, were to be considered, application of dust control treatment is recommended.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019_low_volume_road_conference/trr.
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GEOSYNTHETICS IN LOW-VOLUME ROADS

Fiberglass ACE Mat as a Temporary, Rapid
Alternative to Unpaved Road Surfaces
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U.S. Army Corps of Engineers Research and Development Center

emporary, low-volume roadways often challenge designers with balancing cost of improving

weak soils with the performance requirements of the intended application. Construction
costs can be high, depending on the strength of the native soil and improvements required to
sustain the vehicle loadings that are applied. In an effort to provide a solution for ground
improvement that balances cost, logistics, and performance, the U.S. Army Corps of Engineers
(USACE) developed a multipurpose, medium-duty matting system constructed of woven
fiberglass reinforcement and polyester resin. This paper discusses three demonstrations in which
the U.S. Army Corps of Engineers Mat (ACE Mat) was used as a surfacing for temporary roads.
First, ACE Mat was used to support weak soil crossings for logging operations at the
Apalachicola National Forest in Florida. Second, the matting was tested for its capability to
support loads from a U.S. Marine Corps Medium Tactical Vehicle Replacement (MTVR) and a
U.S. Army M1 Abrams main battle tank crossing sand and silt soils at the U.S. Army Engineer
Research and Development Center in Mississippi. Finally, ACE Mat was demonstrated as a
ground surfacing to stabilize a riverbank during temporary bridging training at Fort Knox,
Kentucky. Attributes and performance characteristics of ACE Mat in comparison to typical
unpaved road design and construction using compacted aggregate are also discussed.

INTRODUCTION

Temporary, low-volume roadways often challenge designers with balancing the cost of
improving weak soils with the efficiency of the intended application. Depending on the strength
of the native soil and the vehicle loadings that are applied, some construction costs for temporary
roads can be very high. For applications such as timber harvesting or oil and gas production,
significant improvements are needed to support large equipment and heavy loads. Typical
unpaved road design and construction using compacted aggregate can be expensive and can
detrimentally affect the environment through permanent environmental changes and excess
waste materials. Over the years, many different methods have been employed for stabilizing
weak soils. Blinn et al. (1) described methods for uPsing wood mats, panels and pallets, bridge
decking, expanded metal grating, and wood aggregate among others for temporary wetland
crossing options for forest management. Kestler et al. (2) investigated stabilization techniques
including chunk wood, tire chips, geosynthetics, tree slash, tire mats, and wood mats for
improving mobility over thawing soils. Sand stabilization has been investigated through the use
of fibers (3, 4) and by the use of geocells (5). Rushing and Howard (6) discussed matting
solutions for improving mobility over weak soils. Selecting the most appropriate methods for
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creating temporary road systems requires consideration of the cost, durability, constructability,
environmental impact, etc. Many of the available techniques have considerable tradeoffs when
considering these factors.

In an effort to balance cost, logistics, and performance, the USACE developed a
multipurpose, medium-duty matting system for ground stabilization. The ACE Mat is
constructed from fiberglass, measures 6 ft 8 in. x 6 ft 8 in., and weighs approximately 120 Ib. Its
modular design enables manual emplacement in a variety of configurations by two persons, uses
minimal space for transportation, and supports typical military truck traffic over moderately
weak soils. It has been documented to support over 5,000 passes of a military transport truck
over sand with a California bearing ratio (CBR) of approximately 15% (7). Anderton and
Gartrell (8) demonstrated ACE Mat as a landing surface for rotary wing aircraft and as a way to
construct parking aprons for aid for C-130 fixed-wing aircraft.

In this study, ACE Mat was demonstrated as a surfacing for temporary roads in three
different scenarios. First, the matting was used to support weak soil crossings for logging
operations at the Apalachicola National Forest in Florida. Second, the matting was tested for its
capability to support loads from a U.S. Marine Corps MTVR and a U.S. Army M1 Abrams main
battle tank crossing sand and silt soils at the U.S. Army Engineer Research and Development
Center in Mississippi. Finally, ACE Mat was demonstrated as a ground surfacing to stabilize a
riverbank during temporary bridging training at Fort Knox, Kentucky. The objective of this
paper is to provide a practical perspective on attributes and performance characteristics of the
ACE Mat system.

MATTING PROPERTIES

ACE Mat is constructed from fiberglass and polyester resin using a closed molding process, resin
transfer molding or vacuum resin transfer molding. The panels are designed in such a way that
two adjacent edges are recessed at the panel bottom while the opposite two adjacent edges are
recessed at the panel top to allow overlapping for connection during placement. The recessed
edges (shown in Figure 1) contain 2.5-in.-diameter holes that align with each other for
connecting and anchoring the matting panels. The thickness of the panels in the center is 0.36 in.,
and the panel edges are 0.18 in. The resin includes ultraviolet radiation inhibitors to minimize
degradation during outdoor use. The fiberglass reinforcement is E-glass type and consists of a
multi-axial woven roving bonded to chopped strand backing. The ratio of fiberglass
reinforcement to resin is approximately 55:45 by mass. Required properties of ACE Mat panels
are listed in Table 1.

For this study, installed matting was connected and anchored using 46-in. long
commercial screw anchors made of cast aluminum 356 alloy (Figure 1). To minimize exposure
and potential tire damage, the 2-in. hexagonal head was modified by cutting the head from a
height of 1.875 in. to a reduced height of 0.75 in. The anchors were installed using a hydraulic
impact wrench.
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FIGURE 1 ACE Mat panel and aluminum screw anchor.

TABLE 1 ACE Mat properties.

Property Requirement Test Method Reference
Tensile strength, X- or y-axis (min.) 32,000 psi ASTM D3039/M
Flexural strength, X- or y-axis (min.) 42,000 psi ASTM D790
Thermal expansion (max.) 1.8 x 107 in./in./°C ASTM D696
Ignition temperature, flash (min.) 450°F ASTM D1929
Hardness, top (min.) 45 ASTM D2583
Hardness, bottom (min.) 45 ASTM D2583

DESCRIPTION OF FIELD SITES
Apalachicola National Forest, Florida

The Apalachicola National Forest in northwest Florida lies in a coastal plain with a sandy soil
containing organic material near the surface. A logging road was used as a demonstration area
during a timber harvest. Prior to the installation of mats, dynamic cone penetrometer (DCP)
(ASTM D 6951) data were collected to determine the bearing capacity of the soil at different
depths. CBR values were computed using DCP data according to equation 1, where PR is the
penetration rate of the DCP. The upper 1 ft had CBR values of approximately 4%. From 1 to 2 ft,
the soil strength increased to approximately 10 CBR (Equation 1).

CBR =292/PR1.12 (1)

The site was rough-graded, using a D-7 dozer, to remove major rutting and trees located
in the test area. A section of ACE Mat was placed with two panels next to each other to fit the
width of the road, resulting in a section five panels long on either side of the road centerline
(Figure 2) for a total of 10 panels. An unsurfaced control section without any matting was also
prepared immediately preceding the ACE Mat section so natural ground rutting could be
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FIGURE 2 Apalachicola National Forest ACE Mat installation.

compared to areas surfaced with matting. Rut depth measurements were collected with a ruler
and a straightedge on the control section and the matting sections of ACE Mat (Figure 3) after 50
passes with a loaded dump truck. While the adjacent bare soil exhibited over 5 in. of rutting, the
soil with ACE Mat installed showed very little rutting. Normal traffic operations took place on
the road for approximately 2 months with no major issues.

U.S. Army Engineer Research and Development Center, Vicksburg, Mississippi

ACE Mat was placed on two different soil types in an outdoor testing facility (Figure 4) to
measure performance under military vehicle loads as part of a site stabilization experiment for
the Improved Ribbon Bridge—Bridge Supplementary Set (9). First, a loose sand test area was
prepared using a locally available poorly graded sand (SP). This SP material was cohesion less
and provided adequate bearing capacity. The sand test area was prepared by placing the material
from dump trucks over the native ground. No compaction was performed during placement. The
material was placed to a depth of approximately 4 ft across the test section. The sand was bladed
smooth using a skid steer loader and bucket attachment prior to mat placement.

A second test area at the Engineer Research and Development Center (ERDC) site used
the in situ natural material at the test site. Prior to ACE Mat installation, a motor grader removed
the upper 2 to 3 in. of soil and vegetation. The resulting bare soil consisted of a clayey silt with
moderate cohesion. DCP test results showed that the sand site had a CBR value of approximately
15% while the clayey silt area had surface (upper 1 ft) CBR values of approximately 10% with
lower layers (1 to 2 ft) having CBR values in the 2% to 4% range.

In contrast to the traffic operations at the Apalachicola test site, operations at the ERDC
site occurred over a period of 1 week. Traffic during the testing consisted of an MTVR having a
total vehicle weight of 44,600 1b and 28-psi tire pressure in the front two-drive wheels and 35-psi
tire pressure in the rear four wheels and an M1 Abrams battle tank weighing 142,000 1b (Figure
5) with track pressure of 11 psi. Traffic was applied in a sequence of 90 passes of the MTVR
followed by 10 passes of the M 1. Rut depths were measured after each traffic sequence using a
rod and level. Lead blocks weighing approximately 4,000 Ib were placed in the wheelpath during
measurement to deflect the matting. After 1,000 combined passes (900 MTVR, 100 M1) on the
sand, the rut depth of the matted area was approximately 1.5 in. For comparison, 20 passes of
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FIGURE 3 Rut depth measurement of control section, Apalachicola National Forest.

FIGURE 4 Military truck performing turning operations on SP test section, ERDC site.

FIGURE 5 M1 Abrams tank on SP test section, ERDC site.
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the M1 were applied to uncovered sand, resulting in a rut depth of approximately 8 in. For the
clayey silt soil, traffic was discontinued after three traffic sequences totaling 300 combined passes
(270 MTVR, 30 M1). Rutting on the matted area was approximately 5 in. Fifty passes of the M1
on the uncovered clayey silt test area resulted in a rut depth of approximately 12 in.

Fort Knox, Kentucky

At Fort Knox, an army bridging unit was attempting a river crossing but could not access the far
bank of the river due to thick vegetation, weak soil, and a steep slope. After clearing away
vegetation and smoothing the ground to a roughly 15% grade, vehicles still struggled to climb
the bank. Engineers placed ACE Mat on the slope to provide a roadway 12-ft wide and 96-ft long
(Figure 6). The matting climbed the 15% grade onto level ground and followed a horizontal
curve to reach the paved road on the top of bank. Placement of the road was completed with a
few soldiers in about 4 h using one electric impact wrench to install the anchors (Figure 7).

FIGURE 6 A 96-ft-long section of ACE Mat being placed on a
horizontally and vertically curved route up a river bank.

FIGURE 7 Army soldiers placing the fiberglass mat up a
riverbank using only an electric impact wrench.
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The fiberglass road significantly improved traffic ability by the off-road vehicles. Trucks
that struggled to climb the bare soil with all-wheel drive engaged could now quickly climb the
bank using only rear-wheel drive. Rutting and tire-induced erosion were nearly halted and
recovery of stuck vehicles was no longer necessary.

Tracked vehicles with road pads have been tested previously on the fiberglass mat
without issue. However, during this field test, a bulldozer with steel tracks crossed the mat to
drive down the bank. The teeth on the bulldozer tore through the fiberglass material at the edge
of the mat, and when the bulldozer was fully on the mat, the friction between the steel and
fiberglass was too low on the steep grade, causing the bulldozer to slide several feet down the
bank (Figure 8). The damage observed indicates that the use of the mat should be limited to
vehicles with rubber contacts only, either tires or tracks with road pads. Steel tracks, such as on
bulldozers or excavators, must not be allowed to use the ACE Mat road.

OBSERVATIONS FROM FIELD PLACEMENTS
Installation Rate

During the tests at the ERDC, researchers measured the installation time of the ACE Mat system.
Installing a 102-ft-long by 12-ft-wide section required approximately 1 h for two persons. This
placement included 34 panels. While the 34 panels can be laid in under 10 min, the majority of
the required time is for anchoring the panels using the screw anchors. The time for recovering
the system is very comparable to installation time. Installation time can be greatly reduced by
increasing the number of personnel used.

By comparison, installing gravel over a weak soil can be performed in less than half the
time. Assuming a 1-ft-thick layer of gravel is placed as a temporary roadway, the same width and

FIGURE 8 Damage to ACE Mat from bulldozer, Fort Knox test site.
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length of road (102 ft x 12 ft) requires three 15-yd-capacity dump trucks. If all three trucks arrive
at the site at the same time, minimal time is required to lay the gravel. Each truck empties its
load that then is spread by a separate piece of equipment. This process can fairly easily be
performed in half an hour.

Cost

Each individual panel of ACE Mat costs approximately $250 to manufacture, based on the
current market. Additional costs are required for connection systems and soil anchors. For the
scenarios used in this study, the screw-type anchors were used, and the number of anchors
required equals 1.5 times the number of matting panels when installing a two-panel-wide road
system, since one anchor can secure the corner of multiple panels. These anchors cost
approximately $80 each. Based on the 102-ft geometry, the total raw material cost for using the
ACE Mat system is $12,580. Since minimal equipment is needed, the installation cost is assumed
equal to the labor cost. Assuming a rate of $15 per hour, the labor cost for this section is $30
using two personnel.

By comparison, the raw material cost for the gravel design is that of three trucks of
gravel. Assuming $300 per load, the total cost of the gravel is $900. Additional costs include the
spreading equipment and operator labor. Assuming a typical weekly rental rate for a small
spreading device (bulldozer, front-end loader, skid steer, etc.) of $2,500, the daily rate would be
$500. If the operator could spread the area in 20 min, the effective rate for this length of gravel
would be $21, and the labor cost for this time could be assumed to be $9, resulting in a total
installation cost of $30, the same as for the matting solution.

If these costs were extrapolated for a mile of temporary roadway, the total cost for the
ACE Mat would be $652,750 while the gravel option would be $48,150. Assuming that the
gravel is left in place, the recovery cost is equal to zero while the recovery cost for the ACE Mat
is equal to the labor cost of $1,550. The second time the matting is used, its total cost is now
equal to the initial installation cost, the recovery cost, and the labor cost to re-install which
equals $655,850. The gravel option cost simply doubles for a total of $96,300. Repeating the
process results in the gravel solution’s not surpassing the cost of the matting solution until the
matting is used the 15th time. One of the major influences in the cost comparison is the anchor
system used. Multiple types of anchors could be substituted, including bullet, arrowhead, or
other types of cabled anchors. Additionally, an alternative connection system could be used to
join matting panels, resulting in a greatly reduced quantity of required anchors. Assuming the
anchors were substituted with a version that cost $10 each, the cost comparison could result in
the matting option having a reduced cost after the 10th installation. Anchors receive little wear
during installation and use; on average, an individual anchor can be used dozens of times before
it must be replaced. The fiberglass mats receive some wear around the hole when installed
incorrectly. Which proper installation, the mats can be used around 15 times before needing to be
replaced as use does not cause significant deterioration of the mats.

Logistics
Matting systems achieve favorable comparison to alternative approaches such as placing gravel

for a temporary road when the logistical requirements involved are compared. A single flatbed
trailer has the capacity to carry enough matting to cover 0.25 mi of road, assuming a two-panel
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wide design. The resulting load would be 440 mats with a total weight of 52,800 Ib. By
comparison, the same 0.25 mi of roadway would require 39 dump trucks (15-yd capacity) to place
a 1-ft-thick layer of gravel. Because the system is manually emplaced, little equipment is needed to
support installation. The matting panels can be unloaded using a forklift or by hand. They can also
be transported using smaller lightweight equipment in areas constrained by road geometry or soil
strength. Additional equipment depends on the type of anchor used but is most likely hand tools.
Specialized skillsets are not required for the labor force tasked with installation.

Flexibility

Many heavy-duty mats are unable to handle curves in the roadway and can be used only on
straight sections. However, lightweight fiberglass mats can be placed to create any road
geometry. Their physical ability to flex allows them to handle gentle changes in vertical
curvature, while the open holes in the edges of the panels allow for creation of horizontal curves.
Additional holes can be drilled into the mats using a cordless drill and 2-in. hole bit to allow
anchors and connectors to be placed anywhere on the mat to ensure secure placement.

Environmental Impact

One of the most unique advantages of mats compared to gravel roads is the ability to quickly,
completely, and cheaply remove the roadway after a project is completed. This provides two
major environmental advantages. Road improvement is needed in areas where the soil is
weakest; this often means its crosses creeks or marshes. By removing the road when traffic is no
longer needed, there is no risk of blocking water paths with large quantities of gravel that can
cause localized flooding. Additionally, removing these roadways discourages unauthorized use
of and limits personal vehicles from traveling into unauthorized areas.

CONCLUSIONS AND RECOMMENDATIONS

While the use of traditional gravel roads is simple and has its place in many low-volume road
applications, using lightweight fiberglass mats for temporary roads allows agencies flexibility to
quickly reach inaccessible locations when needed and can be removed and reused later. Logging
companies, forestry agencies, and other entities that require such occasional access to remote
locations near weak soils should consider using ACE Mat when existing road conditions are
insufficient for truck traffic, but where logistic or environmental concerns restrict the practical
use of gravel road improvements.
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GEOSYNTHETICS IN LOW-VOLUME ROADS

Monitoring the Performance of Unreinforced and
Geosynthetic-Reinforced Pavements on Forest Roads
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INTRODUCTION

The performance of logging roads is greatly impacted by the bearing capacity of the subgrade
material. Subgrade bearing capacity on saturated forest roads is often poor when the material is a
clay or silt. In order to compensate for the low strength of the subgrade, engineers use a variety
of techniques. The most common technique is applying additional aggregate to the subgrade.
Engineers frequently use historical data to determine appropriate aggregate depths. While this
may be suitable where aggregate is abundant, using alternative methods based on specific site
characteristics may provide cost savings where aggregate resources are limited.

Several methods including computer programs, tables, and nomographs consider soil and
aggregate bearing capacity in determining aggregate depth. The Washington Department of
Natural Resources (DNR) Forest Roads Program has developed an aggregate depth design tool
to assist engineers in determining the appropriate depth of aggregate based on site-specific
characteristics. The program is an Excel-based computer model based on an algorithm developed
by the U.S. Army Corps of Engineers in 1978. This equation considers the level of traffic,
quality of materials, and critical performance standards (Barber et al., 1978).

Geosynthetic reinforcement (geotextile fabrics and biaxial and triaxial geogrids) may be
used to provide additional bearing capacity over weak subgrades and provide a separation layer
between the aggregate and the subgrade. Geogrids are used extensively in civil engineering for
slope stabilization, soil erosion control, and reinforcement of weak soils. While nonwoven
geotextile products are often used for separation, they do offer reinforcement in addition to
separation.

The DNR Forest Roads Program developed an aggregate study to evaluate the performance
of four different subgrade and aggregate configurations and determine whether an opportunity
exists to either increase performance or reduce road cost. In addition we wanted to answer the
following questions:

e What is the difference in road performance between alternative depth design
methods?

e Can geosynthetic-reinforced sections on soft subgrades reduce the depth of
aggregate?

e [s there a potential to reduce road construction costs by using alternative depth design
methods?

287



288 TR Circular E-C248: 12th International Conference on Low-Volume Roads

METHODS

We evaluated the performance of four subgrade and aggregate configurations (Table 1) on a wet
weather constructed road in Lewis County, Washington. Performance was measured by two
criteria: (1) The change in elevation of the running surface over time, and (2) the rut depth which
was considered as the difference in elevation between the wheelpath and centerline over time.
Road surface geometry was monitored using a total station over a 2-week period of haul.

Subgrade soils consisted of thrash silty clay loam, which is a medium to high plasticity
silt (MH as defined by the USCS). This material when saturated has very low bearing capacity
and requires a greater thickness of aggregate as compared to gravels or sands.

Field measurements were performed on the constructed subgrade to determine the
aggregate depths for the geogrid, geofabric, and DNR Aggregate Depth Design Tool treatments.
Prior to construction 10 dynamic cone penetrometer (DCP) tests were performed along the
treatment area at a minimum depth of 12 in. to determine subgrade bearing capacity. DCP values
were converted to a California bearing ratio (CBR) using published literature and established
correlations.

CBR is one of the parameters used in pavement design. The measured, average value of
CBR = 2.7 was used to describe subgrade bearing capacity. CBRs below 5 are considered very
poor subgrades. The total traffic was estimated using total equivalent 18-kip single-axle loads
(ESALs). Allowing for log haul, mobilization, and other vehicle traffic an estimated 1,300
ESALs was used in the design analysis. The data determined the aggregate thicknesses listed in
Table 1.

A total of 210 loads were counted using a tree-mounted motion-detecting game camera.
Rut depths were measured as the change in elevation of the running surface due to vehicle use.
Hubs were placed on both sides of the road at an interval of 25 ft to determine measurement
locations at each road segment. These locations served as permanent measurement plots
throughout the life of the study. Points were collected between hub locations using a total station
periodically during the 2-week period of timber haul.

A total of 1,139 data points were collected over a period of 4 days from March 21, 2018,
to April 16, 2018. Point data was used in AutoCAD CIVIL 3D to create surface profiles to model
rut depth over time. After log-hauling was complete a destructive survey was performed to
determine the final shape of the subgrade. A mini excavator was used to remove the aggregate
layer down to the final subgrade location. Points were taken at each location both before and
after the aggregate was removed.

TABLE 1 Aggregate Treatment Descriptions

Aggregate Rut
Treatment Stations Depth (in.) Depth (in.)
13-ft biaxial geogrid (BXG120) 3+00 to 4+50 8 2.3
15-ft nonwoven geotextile (HP270) | 4+50 to 6+00 12 6.4
Aggregate depth design tool 6+00 to 7+50 16 5.2
Engineers design in road plan 0+00 to 3+00, 7+50 to 8+70 | 16 5.2
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FINDINGS

Rutting exceeded the critical depth of 2 in. on all of the treatment sections prior to the end of
construction on April 2. A total of eight loads of spot rock were placed on April 9 as rut depths
exceeded 6 in. on the geofabric, DNR Aggregate Depth Design Tool, and the engineer’s design
sections.

The geogrid section performed significantly better than the other treatments. An average
rut depth of 2.3 in. was measured with an aggregate depth of 8 in. The DNR Aggregate Depth
Design Tool and the engineer’s design sections each had an average rut depth of 5.2 in. with an
aggregate depth of 16 in. The geofabric section had the highest average rut depth of 6.4 in. with
an aggregate depth of 12 in. Average rut depths by treatment are shown in Table 1.

Surface profiles, shown in Figure 1, show one of two distinct patterns. First, a W shape
developed in the running surface eventually causing the subgrade to heave through the centerline
above the aggregate layer, and second the running surface settled as a unit causing heaving on
the edges of the road.

The heave pattern was observed in the geofabric, DNR Aggregate Depth Design Tool,
and engineer’s design sections, but more pronounced in the geofabric section. Figure 2 shows a
section of roadway experiencing heave, where the subgrade at centerline had pushed above the
running surface exposing mineral soil at centerline (also known as subgrade failure). Although
roads with heaving may still be drivable with a log truck there are increased risks for sediment
delivery. First, the deep wheelpaths can channelize water, and second, exposed mineral soil can
be tracked by machinery and mobilized by precipitation into the channelized wheelpath.

FIGURE 1 Surface profiles.
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FIGURE 2 Centerline heave.

The settling of the entire running surface is shown in Figure 3. This phenomenon was
observed exclusively in the geogrid section. In this case the entire running surface migrated
downward as a single unit. While the running surface was sinking, it was still holding its original
shape giving the appearance of little to no rutting. This was caused by the reinforcing properties
of the geogrid. Instead of a localized bearing failure in the wheelpaths the grid held the layer
together as a single unit. The weight of the geogrid, aggregate, and loads surpassed the bearing
capacity of the soil beneath it causing the entire layer to drop. This process was usually observed
with heaving outside of the geogrid edge. While there was no heaving of the subgrade above the
running surface, the sinking of the entire road did not allow water to drain off because the road
was at the lowest point.

After haul was complete a destructive survey was performed to determine the final shape
of the subgrade. A mini excavator was used to remove the aggregate layer down to the final
subgrade in six locations. Photographs were taken of the final subgrade and used to create a 3D
model using RECAP 3D modeling software. The models verified the observations from the
surface profiles. Four of the six models showed bearing failure beneath the wheelpath and
heaving of the centerline (geofabric, DNR Aggregate Depth Design Tool, and engineer’s
design). In each of the four locations, the subgrade had heaved above the running surface at
centerline (Figure 3). The stresses were so significant that the geofabric failed (was torn) at all
heave and wheel track intersection points. The two geogrid sections, however, showed the
subgrade retaining its original shape, while heaving was observed outside of the geogrid edge
(Figure 4). Some geogrid segments failed, which appeared to be a result of wrinkles in the grid
due to construction techniques. The wrinkles were a result of vehicles traveling on uncompacted
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FIGURE 3 Outside heaving of the geogrid treatment.

FIGURE 4 Heaving and rupture of the geofabric section.

aggregate during aggregate application. The wrinkles limited the ability of the geogrid to
distribute the vehicle load to the subgrade resulting in subgrade failure
CONCLUSION

Three of the four treatment sections had rut depths significantly greater than the 2 in. failure
criterion. The geofabric section had the greatest average rut depth at 6.4 in., while the DNR
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Aggregate Depth Design Tool, and the engineer’s design had average rut depths of 5.2 in. Each
of these sections, however, remained passible by log truck traffic throughout the life of the
Topper Sorts Timber sale.

Season of construction and haul plays an essential role in determining aggregate depth.
Ideally construction and aggregate placement should occur during the summer months. Road
construction in the drier months allows for subgrade and aggregate compaction, thus requiring
less aggregate compared to similar soil in wet weather construction. Therefore, when possible
construction in unreinforced marginal and weak soils such as silts, clays, and organic soils
should be limited to the summer months.

Wet weather construction and haul frequently occurs on forest roads. However, wet
weather construction and haul often results in lower bearing capacity of the subgrade and
aggregate, and requires greater aggregate quantities to maintain timber haul. Limiting wet
weather construction to stronger soils such as sands and gravels can be a method for conserving
aggregate resources in wet weather construction. Marginal and weak soils such as silts, clays,
and organic soils may be reinforced using geosynthetic materials particularly in wet weather
construction and haul.

The use of geosynthetic reinforcement provides designers with the opportunity to
improve strength characteristics of weak and marginal soils. Improving strength characteristics
allows for; reduced aggregate thickness on weak and marginal soils, which results in cost savings
for road construction, thereby prolonging the lifespan of dwindling aggregate resources.
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arge-scale laboratory box tests and a full-scale traffic test were performed by the U.S. Army

Engineer Research and Development Center to evaluate the performance of geosynthetic-
reinforced aggregate road sections constructed with marginal base materials over a typical
subgrade. The large-scale laboratory testing and full-scale test section included eight different
instrumented aggregate road sections including three different aggregate base materials and two
different geosynthetics. Mechanistic analyses of each pavement section were conducted using
linear elastic, nonlinear elastic, and nonlinear anisotropic models to predict the critical pavement
response parameters. The analyses show that mechanistic tools can be effectively used to
estimate the critical pavement response parameters for unpaved roads.

To view this paper in its entirety, please visit:
https://journals.sagepub.com/topic/collections-trr/trr-1-2019 _low_volume road_conference/trr.
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INTRODUCTION

To satisty the requirements of low-volume rural roads in India, at times the road network has to
be aligned through places where the subgrade soil is not suitable for road construction.
Construction and maintenance of roads along the unsuitable soils have been problematic due to
their inherent potential for volume change in the presence of water, which affects the
performance of roads. The subgrade has to be properly treated at the construction stage itself.
Otherwise, the road user and maintenance costs will increase substantially due to the deteriorated
pavement performance.

One way to treat subgrade is to reinforce it with geotextiles. Natural geotextile,
particularly coir geotextile, is being recognized as an ideal material that is capable of offering an
environmentally friendly and ecologically sustainable solution. Coir geotextiles are ideally suited
for low cost applications because coir is available in abundance at very low price compared to
other synthetic geotextiles.

This study focuses on the interface behavior of the coir geotextile between subgrade and
granular subbase layer. This will be helpful in evaluating the strength properties of pavement
section with and without coir geotextile and ultimately in design of an economical section for a
particular geotextile.

Many researchers have studied the behavior of geotextile-reinforced pavements. The
behavior of two types of jute geotextiles treated with copper sulphate under various laboratory
tests were studied (1). Rut depth reduction using jute geotextile as reinforcement at interface of
subgrade and subbase or base layer was observed. Fatigue test indicated that pavement
reinforced with jute can reduce surface and subgrade deformation by 40% and 65% respectively
for 106 repetitions of load. The monotonic plate load test and repeated load test conducted on
test section showed that the plastic surface deformation under repeated loading was greatly
reduced by the inclusion of coir geotextiles within the base course irrespective of base course
thickness (2). A study on strength of granular subbase (GSB) underlain by a subgrade layer in
terms of California bearing ratio (CBR) and bearing capacity reported that as GSB thickness
increases, CBR increase from 2.5% to 55% for soil to GSB and the corresponding shear strength
from 0.91 kg/cm? to 1.75 kg/cm? (3).

Most of the literature were based on laboratory plate load tests. It is very difficult to
obtain the same field condition in a laboratory and thus results were varying. Also compacting
the subgrade to required density and optimum moisture content for pavement construction in a
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tank in the laboratory is questionable. Some of the above studies assumed the pavement as two-
layer system, which is not the case in actual field.

The objective of this study is to co