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ABSTRACT
Since their first application, preventive maintenance treatments on pavement surfaces
have cost millions of dollars to provide safe and accessible roadways to benefit the public. Chip
seal and Otta seal treatments have been utilized since the early 1900s and mid-1960s,
respectively. Chip seal has evolved over the years, from empirical approaches to rational design
approaches, to enable practitioners to serve public needs on roadways. Otta seal was first applied
in Norway in 1953. Utilization of chip seal and Otta seal treatments continued to advance based
on the need to maintain older pavement surfaces accessible across the world and to sustain new
roadways as the population worldwide continue to grow and expand. It is projected the needs of
preventive roadway maintenance techniques will increase considerably because the world
economy has shrunk by 5.2% in 2020 during the COVID-19 pandemic. Preventive maintenance
techniques such as chip seal and Otta seal are alternatives to major rehabilitation treatments
which can be applied to extend the service life of roadways.
The first paper in this dissertation research studied Otta seal project implemented and
evaluated on a total of 6.4 km (3.97 mi) of roadway. Otta seal was applied for the first time ever
in Cherokee County, IA in collaboration with the Iowa Department of Transportation. Otta seal
evaluation techniques involved visual inspections, international roughness index, light weight
deflectometer, dustometer and loose aggregate tests at different construction and service periods.
These evaluation methods performed on Otta seal surfaces in Iowa revealed that Otta seal
surfaces can provide an economical and durable alternative bituminous surface treatment for
low-volume roads to ensure safe roadways for public usage.
In the second paper, a chip seal case study focused on investigation of adapting statelevel pavement preservation specifications to meet local agency needs in Ohio was conducted.
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The case study revealed that chip seal is one of the most common preventive maintenance tools
used by roadways engineers to extend the service life of pavement, and can be maximized if chip
seal is applied under optimal pavement and weather conditions. Another major finding is that
updating specifications to meet local agencies needs will allow local agencies to utilize chip seal
under controlled standards.
The third paper studied chip seal test sections that were constructed in Oregon in 2014,
2015, and 2019 in collaboration with Oregon DOT to investigate and research the possibility of
adopting the New Zealand chip seal performance-based specification for chip seal roadways in
Oregon. Performance-based specification was investigated in this study by utilizing the sand
circle test which is capable of determining the macrotexture of chip seal surfaces. The Oregon
test sections database of MTD for five years enabled for further investigation to generate
prediction models probabilistically and deterministically. The implementation of performancebased specifications associated with chip seal is becoming an interest of roads agencies to
provide roadways with measurable performance indicators and to enable contractors’ creativity
for incentives and advantages.
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CHAPTER 1.

LITERATURE REVIEW
1.1 Chip Seal

Chip seal has been placed on roads since 1920, more specifically on low-volume roads.
Hanson was the first to develop design methods for determining chip seal binder and aggregate
application rates (Hanson, 1934). Since then, the chip seal design has been updated by Kearby
(1953), and significantly improved by McLeod (1960) and McLeod et al. (1969). The chip seal
design was improved much later by Epps et al. (1981). Most of the research focusing on chip
seals has been performed in Australia, Canada, New Zealand, South Africa, the United Kingdom,
and the United States (Gransberg & James 2005). Chip seal is one of the bituminous surface
treatments used by agencies to preserve roads; however, it is worth noting that chip seal is not
meant to increase the structural capacity of a pavement. Therefore, it is important to not apply
chip seal to roads with severe distresses (Howard, 2011). Among its numerous advantages, chip
seal most notably reduces the intrusion of water to lower pavement layers, improves skid
resistance, seals minor cracks, and provides a reliable surface for low-volume roads instead of
unpaved roads. This section of the literature review focuses on single-course chip seal designs by
the rational design provided by New Zealand methods and McLeod.
1.1.1 New Zealand Design Method
This section describes each step involved in the New Zealand chip seal design process to
construct a single layer chip seal with design criteria and input. The aggregate application rate in
the New Zealand method can be determined by the aggregate characteristics such as average
least dimension (ALD) and loose unit weight. The binder spraying rate can be accurately
calculated by the aggregate, road surface condition, and vehicles’ characteristics. It is worth
noting that the New Zealand method requires the preconstruction macro texture depth (MTD)
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measurements for the surface to calculate the binder application rate. Moreover, the method
accounts for any binder which may penetrate the substrate or the lower surface (e.g., open graded
porous asphalt (OGPA), an open-graded emulsion mix (OGEM), or a grader-laid asphalt). The
binder application rate can be adjusted and increased in the order of 0.022 to 0.044 gal/yd2 if
needed.
Special consideration in New Zealand is given to soft substrates. Engineering judgment is
recommended by the New Zealand method to increase the binder rate in order to hold the
aggregate and not lose any during the winter, also to not apply too much to cause bleeding.
Heavier traffic on steep grades can cause early bleeding on the surface. To avoid this early sign
of failure, a reduction of 0.022 to 0.033 gal/yd2 is recommended by the New Zealand method.
The aggregate shape is controlled in the New Zealand method, and the maximum cubical
aggregate is controlled by the relationship between ALD:AGD of 1:2.25 where AGD stands for
Average Greatest Dimension. For instance, if the ALD:AGD is 1:20 and the gradation consists of
more cubical aggregate, the binder should be increased by 10%. Due to the concern of
stakeholders and contractors in New Zealand, it was a common concern to increase the
application rates for lower volume roads to reduce the loose aggregate on centerline and street
parking spot. Equation 1 can used to calculate the aggregate application rate.
750

Aggregate Application Rate = ALD m2/m3
Equation 1 was developed by The New Zealand Transport Agency (NZTA) for local
agencies and contractors for use mainly in New Zealand. For contractors and agencies in the
U.S., Equation 2 can be used instead of Equation 1 because it includes all the required
conversion factors to (lbs/yd2).

(1)

3
Aggregate Application Rate =

1
750
ALD ×25.4

× (LUW × 16.0185) × 1.84335

(2)

Where LUW is the loose unit weight (lbs/ft3) and ALD is the average least dimension (inches).
The New Zealand method utilizes Equation 3 to calculate the binder application rate. Based on
the site criteria, some of the variables in the equation might be adjusted Equation 4.
𝐵𝐴 = Vb + As + Ss + Gs + Us
𝑉𝑏 = (ALD + 0.7 Td) × [0.291 − 0.025 log10((2) × v/l/d × 100)] × 0.22088

(3)
(4)

Where:
BA: Binder application rate, in gal/yd2
Td: Texture depth and it is measured in the field from the sand circle test, in mm
ALD: Average least dimension
v/l/d: Vehicles per lane per day
0.220881 is a conversion factor from l/m2 to gal/yd2
As = Absorptive surface allowance, in gal/yd2
Ss = Soft substrate allowance, in gal/yd2
Gs = Steep grades allowance, in gal/yd2
Cs = Chip shape allowance, % adjustment
Us = Allowance for urban and/or low-traffic volumes, in gal/yd2
1.1.1.1 New Zealand Design Inputs Explanations
New Zealand and McLeod make adjustments based on roadway conditions. In the New
Zealand design method, it is common to have multiple application rates based on changes in the
roadway conditions. The agency and contractor should ensure that the site is appropriate for a
chip seal and determine whether all necessary pre-seal repairs have been completed and are
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satisfactory. The ball penetration test measures the surface hardness, especially important for
resealing projects. The ball penetration test is performed on five randomly selected locations.
The test consists of measuring the penetration that a 19-mm (3/4” ball bearing makes in a sample
of the substrate when it is struck by one blow of a Marshall hot mix-compaction hammer
(Asphalt Institute, 1997).
Typical ball penetration values for resealing surfaces in New Zealand are in the range of
2 to 3 mm. Based on the South African Seal design method, an adjustment for substrate hardness
can be made by changing the ALD of the chip in the algorithm as follows, if the ball penetration
values are:


1 mm (0.04 inch; just over 1/32 of inch) or lower, increase ALD by 1 mm (0.04
inch~1/32 in);



3-4 mm (0.12-0.157 inch~1/8 to 5/32 of an inch), decrease ALD by 1 mm (0.04
inch~1/32in); and



5 mm, substrate is too soft for a normal chip seal; pavement repairs are required.
The residual asphalt content influences the binder application rate. The amount of traffic

needs to be considered in the design as well. The New Zealand method uses percentage of trucks
and vehicles/lane/day. The pavement surface characteristics are essential for estimating binder
application rate calculations. McLeod et al. (1969) requires a visual assessment while the New
Zealand method requires sand circles on the wheel path and on the centerline. The MTD of the
pavement may differ along the length of the project to be sealed. The results of sand circle tests
are studied to determine how the surface should be divided up to achieve the optimum matching
of application rate to the surface texture, without requiring an excessive number of adjustments.
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The loose unit weight should be conducted in accordance with AASHTO T19. Loose unit
weights should be greater than 90 pound-force per cubic foot lbs/cf. The aggregate gradations
should match the requirements of the chip seal specification. The sieve size, tolerance and the
percent passing should be determined. A wet and dry sieve analysis should be performed to
determine the percent passing each sieve accurately. Table 1.1 shows aggregate information and
the gradation tolerances. The same aggregate used for gradation can be used to determine the
flakiness index.
Table 1.1 Gradation Tolerances for Chip Seal Projects
Percent Passing %
Aggregate Size

1 1/2"

1"

3/4

1/2

Tolerance

100

100 100 100

3/8

1/4

100-80 40-10

#8

#30

6-0 2-0

#200
2-0

The aggregate used to determine the gradation is then broken down into the following fractions
to calculate the % flakiness:


Passing the 1 in. sieve but retained on the 3/4 in. sieve;



Passing the 3/4 in. sieve but retained on the 1/2 in. sieve;



Passing the 1/2 in. sieve but retained on the 3/8 in. sieve;



Passing the 3/8 in. sieve but retained on the 1/4 in. sieve; and



Passing the 1/4 in. sieve but retained on the No. 4. sieve.
The aggregate particles in each fraction are tested to see if they fit through the slotted

plate, and Equation 5 can be used to calculate the % Flakiness Index.

Total Passing Slots

% Flakiness Index = Total Passing Slots+total Retained on Slots

(5)
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The AGD is needed for the New Zealand chip seal design and is used to limit excessive
flakiness. A maximum ratio of the average greatest dimension to the average least dimension is
specified. A maximum ratio of AGD:ALD of 1:2.25 has been found to give an acceptable
performance in New Zealand. The AGD is obtained by placing a representative sample of the
chip (retained on #4 sieve or larger) end-to-end in a graduated trough, aligned in their greatest
dimension. The AGD is the total length of the aggregate particles in the trough divided by the
number of aggregate particles.
The median size of the aggregate is calculated by finding the slope between the two
points that will intersect 50% passing, and the voids in loose aggregates are expressed as a
percentage calculated from the loose unit weight and the bulks specific gravity of the aggregate
as shown in Equation 6.
LUW

Voids in Loose Aggregate = [1 − 62.4 ×Gsb]

(6)

When the surface is absorptive, increase the application rate by 0.02 - 0.04 gal/yd2. In
New Zealand and other areas, chip seals do not perform well on steep grades with slow-moving
trucks or where crawling lanes are needed. Therefore, allowance for a steep grade is required.
In New Zealand, a substantial number of urban streets sealed with typical application
rates suffer from chip loss along centerlines, in parking lanes, and roads with less than 100
vehicles/lane/day. To reduce chip loss, the New Zealand method recommends using the older
1993 equation, which ultimately increases the application rate if the number of vehicles/lane/day
is less than 100. New Zealand ALD adjustment for soft surface, “As” (inches), uses the ball
penetration test results. The adjustment is calculated as if the aggregates are being embedded into
the soft surface, thus reducing their average least dimension.
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The New Zealand design incorporates percentage of trucks and increases the traffic load
for trucks. This is done by calculating equivalent light vehicles as shown in Equation 7.
𝐸𝑙𝑣 = v/l/d x (1+0.09 x %Trucks)

(7)

The texture of the existing surface road may absorb some of the binder. Therefore, it is essential
to account for the pre-seal pavement texture. The New Zealand design requires the pre-seal sand
circle test data to measure the average pre-seal texture depth to calculate the final binder
application rate.
Vb can be calculated by the New Zealand 2004 chip seal design algorithm, as shown in
Equation 8:
𝑉𝑏 = (ALD + 0.7 Td) × [0.291 − 0.025 log10((2) × v/l/d × 100)] × 0.22088

(8)

Vb can be also calculated in a situation when existing traffic is less than 100 vehicles/lane/day.
The equation is modified based on the 1993 NZ Traffic Factor, Vb factor can be calculated as
shown in Equation 9.
Vb = (ALD + 0.7 Td) × [0.42 − 0.0485 log10 ((2) × v/l/d × 100)] × 0.220881

(9)

Where;
ALD: Average least dimension
Td: Texture depth and it is measured in the field from the sand circle test, in mm
v/l/d: Vehicles per lane per day
1.1.2 McLeod Design Method
Chip seal surfaces consist primarily of the aggregate and binder. In the McLeod method
the aggregate application rate relies on the aggregate shape, gradation, and specific gravity. The
binder spraying rate relies on the traffic volume, existing surface condition, the residual asphalt
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content and the aggregate gradation, shape and absorption. The purpose of chip seal design is to
select aggregate and binder application rates that will result in a durable pavement seal (Shuler et
al., 2011). Equations 10 and 11 are the recommended design and construction application rates
by McLeod et al. (1969).
Aggregate Application Rate = [46.8 × (1 − 0.4V)] × ALD × G × E

(10)

Binder Spraying Rate = [(2.244) × (ALD) × (T) × (V) + S + A]/R

(11)

1.2.1 McLeod Design Inputs Explanations
V represents the voids in loose aggregate as percentage when the chip spreader applies
the aggregate. It is important to test the aggregate for the unit weight and specific gravity to
determine the voids in loose aggregate. Equation 12 can be used to calculate voids in loose
aggregate.
Voids in Loose Aggregate (V) = 1- [W/ (62.4 × G)] × 100

(12)

Where W represents the loose unit weight of the aggregate in lbs/ft3 and G is the bulk specific
gravity of the aggregate. ALD represents the average least dimension in inches. The (ALD) can
be calculated from Equation 13:
Average Least Dimension = M/(1.139285 + (0.011506 × F))

(13)

Where M is the median size of the aggregate. It is the theoretical sieve size through which 50%
of the material passes. F is the flakiness index percentage, which can be measured in the lab by a
slotted plate. The flakiness index represents the percentage of flat particles in terms of their
weight. A lower flakiness index indicates more cubical the aggregate which is more suitable fit
for a chip seal surface. E is the traffic whip off factor. The McLeod method considers the effect
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of traffic over newly placed chip seal and it accounts for removed aggregate from the road to the
shoulders. Based on the road type, it recommends a percent wastage factor and whip off factor.
The higher the (ADT), the higher the whip off factor. The Asphalt Institute (1979) recommends
utilizing Table 1.2 to select the appropriate percent waste allowed and traffic whip off factor.
Table 1.2 Percent Waste Allowed and Traffic Wastage Factor
Percent Waste Allowed
1%
2%

Traffic Wastage Factor (E)
1.01
1.02

3%
4%
5%
6%
7%
8%
9%
10%
11%
12%
13%
14%
15%

1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.10
1.11
1.12
1.13
1.14
1.15

The traffic correction factor (T) is needed to achieve the recommended 70-80 percent
embedment of aggregate, the traffic correction factor is an important element to determine the
accurate binder application rate for the given number of vehicles per day, as shown in Table 1.3
from (Caltrans, 2003). If too little binder is used, it will cause raveling and if too much binder is
used, it will cause bleeding.
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Table 1.3 Annual Average Daily Traffic (AADT) and Traffic Correction Factors
Annual Average Daily Traffic (AADT) Traffic Correction Factors
Under 100

0.85

100-500

0.75

500-1000

0.70

1000-2000

0.65

Over 2000

0.60

Source: Caltrans (2003)
The surface correction factor (S) is important for determining the initial binder
application rate. It is critical to evaluate and survey the road surface before any chip seal
construction. The older and more badly pocked surfaces require a higher surface condition factor
to account for binder being absorbed by the surface as shown in Table 1.4. The newer the surface
and non-porous it is, the less likely it will be to absorb the freshly sprayed binder.
Table 1.4 Recommended Surface Condition Factors Based on Pavement Conditions
Pavement Condition

Surface Condition Factor S (gal/yd2)

Black, flushed asphalt

-0.01 to 0.06

Smooth, non-porous or smooth

0

Slightly porous and oxidized or matte

0.03

Slightly pocked, porous, and oxidized

0.06

Badly pocked, porous and oxidized

0.09

The Aggregate Absorption Factor (A) accounts for the binder lost in aggregate
absorption. Table 1.5 contains typical absorption ranges and correction factors to control the
binder application rate under different circumstances. The percent residual asphalt binder in the
emulsion (R), is typically between 68-69% of residual asphalt content.
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Table 1.5 Aggregate Absorption Conditions and Correction Factors
Aggregate Absorption Conditions

Aggregate Absorption Factor (gal/yd2)

Absorption Less than 1%

0

Absorption is between 1% and 1.25%

0.01

Absorption is between 1.25% and 1.8 %

0.02

Absorption is More than 1.8%

0.023

1.1.3 Chip Seal Performance
Chip seals as surface treatments have been constructed since 1934. Various studies and
literature focus on evaluating chip seal service life. Performance of a chip seal, like any other
preservation treatment, is dependent on several factors. These factors include but are not limited
to pre-treatment condition, traffic volume, performance measures, single versus multilayer
application, materials, and different climatic conditions. In New Zealand, considerable success
with chip seals has led to a requirement of 25,000 Average Daily Traffic (ADT) before a
roadway is a candidate for hot mix asphalt (HMA) (Gransberg, 2005).
Chip seal construction occurs nationwide across the U.S. Gransberg (2005) sent surveys
to 42 U.S. State DOTs and 12 U.S. cities and counties. All respondents in this survey noted that
they use chip seals as a preventive maintenance (PM) tool by following a planned cycle for their
chip seal surfaces. The respondents had an average of 7,000 miles of sealed pavement surfaces at
the DOTs district level. This indicates the level of trust by that DOTs have in chip seal as PM
tool. As result of their experience and knowledge of chip seals, the DOTs were successful and
were able to replicate success throughout their areas of jurisdiction. Also, the survey performed
by Gransberg (2005) indicated that the average service life of chip seals nation-wide is 6 years.
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In Kansas between the years of 1962 and 2006, at least 745 chip seal projects were
completed and more than 7000 miles were treated with chip seal (Liu et al., 2009). The authors
reported that the average service life of chip seal is about 4 years in Kansas and the maximum
service life reported is 9 years.
Wood and Olson (2007) conducted a comprehensive 16-year research funded by
Minnesota Department of Transportation (MnDOT) to study chip seal led to great success. In
Minnesota, chip seal is used on low and high-volume roads as the specifications and standards
can readily assist practitioners to utilize available resources to meet their demands. Their
research found no reported instance of chip seal failure between the years of 2002 and 2007 in
Minnesota. The efforts were sufficiently successful to increase chip seal usage on the State
highways in the state of Minnesota from 0 miles in 1997 to 450 centerline miles in 2005.
Furthermore, the authors indicated that the service life of chip seal is between 8 and 10 years.
In addition, Washington State Department of Transportation (WSDOT) saved $100
million in costs by alternating HMA surfaces to chip seal to extend their service life (Mahoney et
al., 2014). The authors also indicated that most states in the U.S. do not utilize chip seal as an
alternating pavement tool with HMA because chip seal is only used on low-volume roads. The
reported service life in Washington State is between 6 and 8 years.
In Montana and Colorado, the typical chip seal service life is between 6 to 7 years before
another chip seal is required (Mahoney et al., 2014). According to the authors, the Montana state
pavement engineers stressed that applying preservation measure such as chip seal while the
pavement is still in fair condition is key to Montana’s success. To fully benefit from chip seal as
preventive maintenance technique, the Montana and Colorado method of alternating between
chip seal and HMA overlay is the most cost effective based on their experience and results.
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However, another research performed in Indiana indicated that chip seal can extend and enhance
the pavement service life by 2, 3, and 4 years when applied to HMA pavements with poor, fair,
and good conditions, respectively (Feighan et al., 1986).
In a low-volume pavement preservation study in Alabama, Jalali et al. (2019) quantified
the crack-specific life-extending benefits of various chip seal sections including single, double,
and triple-layer chip seals. It was shown that the median life-extension benefits range from 4.5 to
more than 12 years, depending on the pretreatment condition. While all chip seal section could
significantly extend the life of the surfaces when compared with untreated section, the benefits
derived from the double and triple-layer chip seals were very close. Vargas and Jalali (2020) also
showed that if crack sealing/filling is applied prior to chip seal application, the benefits of chip
sealing can be further extended by an addition of 1.9, 1.5, 1.4 years for pavement in ‘good’,
‘fair’, and ‘poor’ pretreatment conditions, respectively. Whereas, in Louisiana, the weather is
humid subtropical climate compared to most of the areas in the U.S., it is recommended to apply
chip seal on low-volume roads having PCI between 70 and 74 (Mousa et al., 2020).
The following are the main issues which may affect chip seal performance (Shuler et al.,
2011; Gransberg & James, 2005):
a. Asphalt binder properties,
b. Aggregate propertie,
c. Construction technique,
d. Condition of equipment,
e. Application rates,
f. Aggregate interlock,
g. Training of contractor’s employees,
h. Condition of existing pavement, and
i. AADT.
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1.2 Otta Seal
As the global economy and development slowed down for pavement engineering,
engineers began to seek more durable and economical technologies for road preservations and
rehabilitations. Accordingly, many efforts have been made to study the resurfacing strategies
including all kinds of sealing (e.g., sand seal and chip seal). Among those sealing methods, Otta
seal is one that has not been properly addressed.
The Otta seal technique was implemented for the first time in Norway in 1963. The road
authorities in Norway decided to treat 40,000 km of gravel roads, which was 50 % of public
roads in Norway with such technique (Øverby, 1999). According to Torkild and Hans (1983), the
Otta seal is a special kind of surface dressing developed in 1963-1966 by the Norwegian Road
Research Laboratory. In comparison to chip seal, Otta seal utilizes graded aggregate gradation
instead of single size aggregate.
Recent studies indicate that it has also been applied successfully in trial roads in Asia,
Africa, New Zealand, and South America (Visser, 2013). Otta seal has seen limited used in the
U.S. because of the empirical design approach associated with this technique that requires
evaluation of trial or demonstration sections before deployment. The state of South Dakota (SD)
completed its first Otta seal project in Day County, SD in 2008 to provide a low-cost surface
using in-house resources and equipment rather than constructing a standard asphalt pavement
surface (Weiss 2010). In addition, various agencies (city, county, and state department of
transportation) in Minnesota (MN) have applied Otta seal for traffic volumes ranging from very
low up to 2,000 average daily traffic since the year 2000 (Johnson, 2011; Johnson & Pantelis
2008). Otta seal construction is also reasonably affordable compared to hot mix asphalt (HMA)
or Portland cement concrete (PCC) pavement systems for low volume roads. It is considered to
be one of the most cost-effective and durable forms of dust control wherever gravel roads are
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present. In developing countries, the available evidence suggested that the most cost-effective
and durable form of dust control in life-cycle terms is a bitumen-based seal such as surface
dressing, cape seal, or Otta seal (Greening 2011).
Otta seal provides a flexible, durable and impervious surfacing which is more tolerant of
the higher pavement deflections to be expected on low-volume roads constructed with lowerquality materials. However, Otta seal cannot add any structural capacity to the road structure,
therefore enough substructure support is required to support the anticipated traffic loading
(Johnson 2011, Weiss 2010).
Otta seals are a thin BST of graded aggregate that can range from natural gravel to
crushed stone with a low viscosity binder. Otta seal can be placed in one or two layers with or
without a sand cover seal depending on the aggregate properties, traffic volume, construction
cost and required service life (Øverby, 1999). The use of a sand cover seal is recommended to
reduce the rate of oxidation of the surfacing asphalt binder under hot temperature conditions
(Øverby, 2006). Figure 1.1 presents a schematic illustration of single and double Otta seals along
with other types of BST.

Source: Reproduced from Øverby (1999).

Figure 1.1 Sketch of Otta seals along with other types of bituminous surface treatments

16
1.2.1 Otta Seal Design and Material
The design of Otta Seal is relatively simple compared to that of conventional BSTs, as it
is based on empirically determined binder type and aggregate application rate. Empirically-based
guidelines (Øverby 1999, Visser & Henning, 2011) have been developed to design Otta seal
treatments since they have flexibility with respect to the use of local materials. The aggregate
gradation limits, which relies on expected traffic level, is a governing design factor to
compliment other material design factors such as aggregate spread rate, emulsion selection, and
emulsion spray rate.
Local aggregates, which are typically of lower quality, are often used in the construction
of Otta seals. Graded aggregate for Otta seals can be produced from crushed or uncrushed
materials, or a mixture of both (Øverby & Pinard, 2013), to meet the required aggregate
gradation. Øverby and Pinard (2013) provided typical examples of gravel/aggregate types that
have been successfully used in the construction of Otta seals. These include crushed rock (e.g.,
gabbro, basalt, silcrete, and sandstone), screened or crushed gravel, river gravels and lake
gravels. Note that Iowa’s aggregate sources include primarily crushed stone (limestone or
dolomite), natural and crushed gravel, and sand (Jahren et al., 2003).
As noted previously, there are three aggregate grading envelopes suitable for Otta seals,
namely “open,” “medium,” and “dense”. “Medium” and “dense” are the preferred grading
envelopes for Otta seals, and it is suggested to use “dense” grading for roads with an AADT in
the range of 1000 or more. “Mmedium” grading is best suited to AADT in the range of 100 to
1000, and “open” grading is preferred when the AADT is less than 100. The three aggregate
grading envelopes are summarized in Table 1.6. According to Øverby and Pinard (2013), the
preferred aggregate gradation for Otta Seals should fall within the grading envelopes. Other
preferred aggregate gradation requirements include a nominal maximum aggregate size of 16
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mm for single Otta seal and 19 mm for double Otta seal and less than 10% of fines content
passing sieve #200 and oversized aggregate must be also screened out (Øverby, 1999). Table 1.7
represents the required aggregate property limit concerning the plasticity index and flakiness
index. The following are the main advantages for utilizing Otta seal as stated in multiple studies
(Øverby, 1999; Torkild & Hans, 1983):
a. The use of available uncrushed aggregate leading to cost reduction in aggregate
production and transportation.
b. The mechanism of preventing water from penetrating into lower pavement layers
moisture-susceptible gravel roads.
c. The saving of initial construction cost as prime coat is not required.
d. The availability of the road to users as it can be opened to traffic immediately after
construction.
Table 1.6 Aggregate Gradation Envelopes and Other Requirements for Otta Seal
Sieve Sizes

Open

Medium

Dense

(mm)

% Passing

% Passing

% Passing

19

100

100

100

16

80-100

84-100

93-100

13.2

52-82

68-94

84-100

9.5

36-58

44-73

70-98

6.7

20-40

29-54

54-80

4.75

10-30

19-42

44-70

2.00

0-8

3-18

20-48

1.18

0-5

1-14

15-38

0.425

0-2

0-6

7-25

0.075

0-1

0-2

3-10

Source: Øverby (1999); Visser (2013).

Specification

AASHTO 146-49
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Table 1.7 Otta Seal Aggregate Property Requirements
Material Properties

Limit Values

Specifications

Plasticity Index

Max 10

AASHTO 90-61

Flakiness Index

Max 30

BS 812

1.2.2 Construction Technique for Otta Seal
The construction begins by preparing the base from any obstacles on the surface. The
subgrade and subbase must be designed to withstand the anticipated load from traffic. The
emulsion is sprayed onto the prepared working base surface by the distributor at 0.5 ± 0.05
gal/yd2 (2.2 ± 0.2 L/m2). The recommended application rate by (Øverby, 1999) is shown in Table
1.8; the graded aggregate is then spread onto the surface using an aggregate spreader at 50 lb/yd2
(27 Kg/m2).
One of the most important steps in constructing Otta seal is the rolling and compaction
process. Two pneumatic tired rollers at a minimum weight of 12 tons are essential at the
construction site as soon as the aggregate spreading is done. The pneumatic rollers should start
with a minimum of 15 passes over the entire surface to draw the binder through the aggregate.
The second layer of double Otta seal can be constructed four weeks after the first layer to allow
as much traffic as possible to traverse the surface, as well as to allow evaporation of the solvent.
The second layer of Otta seal is constructed by following the same requirement for the first layer.
The Otta seal road surface can be opened to traffic as soon as construction is completed.
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Table 1.8 Aggregate Application Rates for Otta Seals and Sand Cover Seals
Aggregate Spread Rates (yd3/yd2)
Type of Seal
Open Grading

Medium Grading

Dense Grading

Otta Seals

0.014-0.022

0.014-0.022

0.017-0.022

Sand Cover Seals

0.011-0.013

n/a

n/a

Source: Øverby (1999).
The following equipment are required to construct an Otta seal surface:
a. Asphalt distributor.
b. Aggregate spreader.
c. Two 12 tons pneumatic-tired rollers.
d. Mechanical broom.
e. Steel flat wheel rollers.
1.2.3 Otta Seal Performance
Otta seal performance depends several factors include but not limited to pre-treatment
condition, traffic volume, performance measures, single versus multilayer application, materials,
and different climatic conditions. The reported service life by Øverby and Pinard (2013) is 8 to
12 years for single Otta seal and 12 to 16 years for double Otta seal. Moreover, Otta seals have
been implemented in developed and developing countries as shown in Table 1.9. Most Otta seal
surfaced road sections constructed in Minnesota have performed well except when they
experienced unexpected situations, such as unanticipated high traffic volumes or flood damage
during the service lives (Johnson, 2011).
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Table 1.9 Otta Seal Uses Around the World
Country

Length km - (Miles)

Norway

12,000 -

Sweden

4,000

Iceland

2,000

Kenya

500

Botswana

2,700

Zimbabwe

80

South Africa

25

Mozambique

50

Ghana

30

Tanzania

100

Bangladesh

20

Nepal

40
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CHAPTER 2.

DESIGN, CONSTRUCTION, AND PRELIMINARY INVESTIGATION
OF OTTA SEAL IN IOWA

A journal paper published in Transportation Research Record: The Journal of
Transportation Research Board
Sharif Y. Gushgari, Yang Zhang, Ali Nahvi, Halil Ceylan, Sunghwan Kim, Ali
Arabzadeh, Charles T. Jahren, and Charles Øverby
Abstract
Faced with limited financial resources, pavement engineers constantly seek more durable
and 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
sufficiently studied in the U.S.A. For this investigation, the first Otta seal site in the state of Iowa
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.
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2.1 Introduction
Low-volume roads represent a large proportion of the route mileage of the transportation
infrastructure system, and the cost to secondary road departments of maintaining such roads can
be quite important. Over time, Otta seal has exhibited reduced maintenance costs by providing a
typical service life of 8 to 12 years for a single-layer Otta seal, compared with 4 to 6 years for
single-layer chip seal (1–3).
Norway-based Otta seal (graded aggregate) technology, originally developed in the 1960s
and used in Scandinavian countries, Africa, and other continents, is an economical and practical
alternative to traditional bituminous surface treatments (BSTs). It provides flexible, durable, and
impervious surfacing that is more tolerant of higher anticipated pavement deflections on lowvolume roads that are sometimes constructed with lower-quality materials (4). Compared with
traditional BSTs requiring high-quality materials and specialized expertise, Otta seal can often be
constructed using more economical local aggregates and readily available equipment (asphalt
distributor, aggregate spreader, pneumatic-tired roller, and mechanical broom) typically used for
asphalt maintenance (4). Otta seal, formed by a thin bituminous surface treatment (BST) of
graded aggregates, ranging from natural gravel to crushed stone, with a relatively low-viscosity
binder, relies on a combination of mechanical particle interlock and the binding effect of asphalt
binder to provide a resilient, waterproof membrane over the road surface.
The state of South Dakota completed its first Otta seal project in Day County in 2008 to
provide a low-cost surface using in-house resources and equipment in place of a standard hotmix asphalt (HMA) pavement surface (5). Various agencies (city, county, and state department
of transportation) in Minnesota have also applied Otta seal for traffic volumes ranging from 100
up to 2,000 vehicles average daily traffic (ADT) since early 2000 (6, 7). Most road sections
surfaced with Otta seal in Minnesota have performed well except when they encountered
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unexpected situations such as unanticipated high traffic volumes or flood damage during their
service lives (7). Otta seal construction was also found reasonably affordable compared with
HMA or Portland cement concrete (PCC) pavement systems for use on low-volume roads; Otta
seal has been considered a cost-effective and durable approach to dust control for gravel roads.
In particular for developing countries, the available evidence suggests that Otta seal, surface
dressings, and Cape seal are the most cost effective and durable forms of dust control in relation
to life-cycle costs (8–10).
The Norwegian Public Roads Administration (NPRA) Guideline 93 (4) was compiled
using empirical data and experience from many trials and full-scale projects worldwide.
However, in the U.S.A., few states have used the Otta seal, and hence, it is felt that a more
comprehensive research along with full documentation is necessary to assist in the
implementation of Otta seals in Iowa and many other states in the U.S.A.
2.1.1 Objective and Scope
To evaluate the feasibility of Otta seal as an alternative surface treatment for local lowvolume roads and to gauge the performance of Otta seal, the first Otta seal construction project
in Iowa was conducted using a double-layer Otta seal over a 6.4 km (4 mi) section, consisting of
a heavily distressed, existing asphalt pavement with cracks. The thickness of an Otta seal
depends on the bitumen spray rate and gradation of the aggregate together with rolling
compaction during the initial phase of construction. Commonly, a single and double Otta seal
have a thickness of about 16 mm and 32 mm respectively. In this project, double Otta seal layers
were applied and the average in-place thickness for each layer was around 19 mm (0.75 in.).
This study focused on the general background of this resealing project, Otta seal design
details, construction procedures, and the investigative tests conducted before, during, and after
construction. Multiple in situ observations and tests, including loose aggregate tests, dustometer
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tests, roughness tests, light weight deflectometer (LWD) tests, and visual appearance inspections,
were conducted over different construction periods to evaluate the performance of this Otta seal
application.
2.1.2 Site Condition for Otta Seal Project
County Road (CR) L-40, the selected candidate site for this Otta seal demonstration
project, is in Cherokee County, Iowa. Its ADT was estimated by the county engineer to be about
190 vehicles, including up to 30% truck traffic. The road length represents about 6.43 km (4 mi)
of an existing HMA road 6.71 m (22 ft) wide. The maintenance history of this road reflects use
of crack seal only where cracks existed. Table 2.1 summarizes general information about the
road. Before Otta seal construction, during visual inspection conducted on the existing pavement
various types of pavement surface distress were observed, including longitudinal and transverse
cracking, rutting, fatigue cracking, etc. (Figure 2.1a). Otta seal surfacing treatment was selected
for this road to seal it, improve driving comfort and safety, and extend the road’s service life.
Altitude and slope grade of this road are presented in Figure 2.2.
Table 2.1 Summary of the Road Information of CR L-40 in Cherokee County, Iowa
Question

Answer

Road name

CR L-40, Cherokee County, Iowa

ADT
Primary vehicles (resident vehicle primarily:
farm equipment primarily or both?)
Road length

ADT = 190 (up to 30 percent truck traffic)

Road width

6.7 m (approximately 22ft)

Surface type of existing road

HMA with longitudinal and horizontal cracks

Maintenance history

Crack seal only

Both
6.43 km (approximately 4 miles)
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(a)

(b)

Figure 2.1 Pictures of the site before construction: (a) various cracks on existing
Pavement, and (b) slurry seal applied before Otta seal
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Figure 2.2 Site information in terms of altitude, slope grade (longitudinal road slope),
and Otta seal test sections.
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2.2 Otta Seal Design
2.2.1 Aggregate
Since Otta seal offers significant flexibility with respect to the use of local materials, as
well as simplicity of construction, empirically based guidelines (4, 11) for design of Otta seal
treatments have been developed. Under these guidelines (4, 12), using an aggregate gradation
that relies on expected traffic levels is a governing design factor that complements other material
design factors such as aggregate spread rate, asphalt binder selection, and asphalt spray rate.
Generally, the recommended aggregate gradation specifications are open (or coarse) for traffic
levels less than 100 vehicles per day (vpd), medium for traffic levels greater than 100 and less
than 1,000 vpd, and dense for traffic levels greater than 1,000 vpd. Other aggregate property
requirements, such as aggregate strength for Otta seals, are not as strict as those for a traditional
BST such as chip seal. Relatively lower-strength aggregate can be used for Otta seal if gradation
falls within a specified gradation band that allows the maximum amount of fine material (\0.075
mm) to be less than 10%. The main difference between Otta seal and chip seal is the selected
gradation. Unlike chip seal, Otta seal does not require a high-quality gradation (i.e., a more
single-size gradation) making this method of BST more economically suitable, because local
aggregates can be obtained from the nearest quarry and often less material processing is required.
Local aggregates, often of lower quality, have often been used in Otta sealed roads. To
meet the required aggregate gradation, graded aggregate for Otta seal can be produced from
crushed or uncrushed materials or a mixture of both (3). Øverby (4) provided typical examples of
aggregate types that have been successfully used in the construction of Otta seal. Accounting for
the traffic condition of the selected road, the aggregate utilized for this project was required to be
within the maximum and minimum limits of the dense gradation specified by the Øverby (4)
design, and the engineers identified multiple local sources of available aggregates for use in the
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project. The recommended aggregate application rate was 27 kg/m2 for both layers, in
accordance with Øverby (4) and the Class 5 aggregate gradation specified in MnDOT (13).
The dense aggregate gradation was accordingly selected rather than open or medium
gradations for several reasons. The main reason was the availability of stockpiles within the city
limit, which made it more economical for Cherokee County in Iowa to use Otta seal for the first
time, accounting for the traffic volume, durability, and potential life-cycle cost. Another reason
for the selection of such aggregate gradation was that the dense gradation, after curing, will
create matrixes of aggregate and binder to withstand the anticipated high traffic volume and
heavy load of agricultural equipment. Lastly, the dense gradation matrixes make the Otta seal
more impermeable, which then reduces water infiltration into the pavement layers.
In Figure Figure 2.2, the gradations of the four selected aggregates for the four test
sections (TSs) are compared with the criteria (4). The gradation curve of test section (TS) 4
aggregate properly falls within the Øverby (4) dense gradation, and the percentage of particles
passing through a #200 sieve meets the minimum requirement of Øverby (4), whereas aggregates
for the other three TSs in various extents do not fall within the gradation requirements. Table 2.2
Table 2.2 Comparison of Otta Seal Aggregate Application Rates between NPRA Guideline
93 and US Practices and the First Otta Seal Project in Iowa
Case
NPRA Guideline 93: Low Traffic (ADT < 100)
NPRA Guideline 93: Medium Traffic (ADT = 100 to 1,000)
NPRA Guideline 93: High Traffic (ADT > 1,000)
Minnesota Practice (ADT < 1,000)
South Dakota Practice (ADT < 1,000)
First Iowa Project (ADT < 1,000)
Suggestion for IA Roads

Aggregate Application Rates
33 to 40 kg/m2 0.013 to 0.016
m3/m2 (60 to 74 lb/yd2)
33 to 40 kg/m2, 0.013 to 0.016
m3/m2 (60 to 74 lb/yd2)
40 to 50 kg/m2, 0.016 to 0.020
m3/m2 (74 to 92 lb/yd2)
27 kg/m2 (50 lb/yd2)
27 kg/m2 (50 lb/yd2)
30-35 kg/m2 (55-65 lb/yd2)
27 kg/m2 (50 lb/yd2)
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lists the Otta seal aggregate spread rates among several previous applications in comparison with
those recommended in this study.
2.2.2 Asphalt Binder
Asphalt emulsion and cutback asphalt are the two binder types commonly used for Otta seal (4).
The type of binder recommended by Øverby (4) was MC (medium cure) 3000. MC 3000 is
classified as a cutback asphalt and penetration grade of bitumen 150/200. These types of binders,
commonly used both in Scandinavian and African Otta seal projects, are a mixture of asphalt and
petroleum solvent and typically proportioned with 8– 15% solvent.
The selections of asphalt binder types and the spray rate are dependent on the aggregate
gradation selected for the expected traffic level. A soft asphalt binder should be used to coat the
finer aggregate (dense grading) and move up through the aggregate matrix. Commonly suggested
types of asphalt binders are MC 800 or MC 3000 for cutbacks produced from 80/100 or 150/200
penetration grade asphalt. Experience in Minnesota and South Dakota (5, 14) indicate that highfloat, medium-set emulsion (HFMS-2s) can be used, although emulsions have seen little use in
other countries. The asphalt binder spray rate can be determined through road trials, ranging
from 0.9 to 2.0 L/m2 (0.20 to 0.44 gal/yd2) depending on traffic level and aggregate gradation.
For roads with relatively steep gradients, reducing the binder application rate is recommended
when using open aggregate gradation to mitigate the tendency for the binder to flow through the
voids in the aggregate before setting (4). The Øverby (4) experience indicates that cutback
bitumen requires 8 to 12 weeks after application to allow solvents to evaporate so that the binder
is fully set or cured.
It is also important to consider and evaluate the site prior to construction. In this project,
the existing asphalt surface condition was substantially distressed. As result of the preconstruction measures taken, the emulsion application rate was increased to the highest-end of
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the range at 2.26 L/m2 (0.5 gal/yd2) to compensate for any binder infiltration into micro-cracks
that were not pre-sealed. The aggregate should be in a dry, damp condition, because higher
moisture within the dense aggregate gradation may cause segregation, blockage of the aggregate
in the chip spreader gate, and delay the evaporation of water from the emulsion. Where the
aggregate has a water absorption of more than 2%, the bitumen spray rate shall be increased by
0.3 L/m2 (4).The weather must be favorable during construction to avoid wet and windy
conditions, which may negatively influence the construction and curing periods.
Because of greenhouse-gas release that accompanies the evaporation of solvent, there are
also environmental concerns about using cutbacks in the U.S.A.; therefore, emulsions are
preferred for use with asphalt binders. HFMS-2s asphalt emulsion was selected for use in this
project, with reference to successful use of this binder in both Minnesota and South Dakota Otta
seal projects. The recommended cutback asphalt binder spray rate in Øverby (4) should be
modified on the basis of asphalt content in the emulsion. The amount of asphalt applied to the
road should be equal to the equivalent amount recommended in Øverby (4). The proportion of
water required to emulsify asphalt is higher than the proportion of solvent required to liquefy
cutback. Therefore, application rates must be increased accordingly with emulsions used in place
of cutbacks.
HFMS-2s bitumen penetration grade of 200 is a mixture of asphalt, water, and
emulsifying agent, typically containing up to 35% water, and it is an anionic emulsion that
requires special care to maintain optimal quality both when in storage and during application.
Based on the Minnesota experience, when it is applied for Otta seal, it requires 8 to 10 days
(depending on temperature and weather conditions) for setting (allowing water to evaporate),
meaning that the second layer of Otta seal construction (for double Otta seal projects) should
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take place at least 8 to 10 days after the first layer is constructed. South Dakota tried various
binder spray rates on the first and second layers of Otta seal, and performance varied (5). The
emulsion was heated to 76o C (168.8o F) prior to spraying. Minnesota tried using rates of 0.02
L/m2 (0.5 6 0.05 gal/yd2) and, because most previous projects in Minnesota had performed
satisfactorily, this spray rate was also recommended for this Iowa project. Table 2.3 lists various
Otta seal asphalt binder spray rates used in practice compared with that recommended by this
study.
Table 2.3 Comparison of Otta Seal Binder Application Rates between NPRA Guideline 93
and US Practices and the First Otta Seal Project in Iowa
Case

Net Binder Hot Application Rates

NPRA Guideline 93: High Traffic (ADT >
1,000)
Minnesota Practice (ADT < 1,000)
South Dakota Practice (ADT < 1,000)
First Iowa Project (ADT < 1,000)

1.5 to 1.6 L/m2 (0.33 to 0.38
gal/yd2)
1.6 to 1.8 L/m2 (0.35 to 0.40
gal/yd2)
1.7 to 2.0 L/m2 (0.38 to 0.44
gal/yd2)
2.20.2 L/m2 (0.50.05 gal/yd2)
2.2 L/m2 (0.5 gal/yd2)
2.2-2.5 L/m2 (0.50-0.55 gal/yd2)

Suggestion for IA Roads

2.20.2 L/m2 (0.50.05 gal/yd2)

NPRA Guideline 93: Low Traffic (ADT < 100)
NPRA Guideline 93: (ADT = 100 to 1,000)

2.3 Otta Seal Construction Process
Approximately 1 week before first layer construction, the deteriorated asphalt pavement
surface was slurry sealed at both transverse and longitudinal crack locations (Figure 2.1b) to
mitigate the potential for reflective cracking from existing asphalt pavements to be transferred to
the Otta seal surface. The cracking is considered to be inactive and only associated with the
HMA. The objective of applying the slurry seal at existing longitudinal and transverse cracks is
to fill the cracks and to provide an overall smoother ride quality after applying the double Otta
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seal. Also, the application of slurry seal on the cracks will prevent the emulsion from flowing
into cracks.
The first layer of Otta seal construction was initiated on September 5, 2017, during which
the road was closed to traffic in both directions. In general, the construction can be classified as
three sequential steps (Figure 2.3, a–d): binder spraying, aggregate spreading, and rolling
compaction.

Figure 2.3 Construction of Otta seal: (a) binder spraying, (b) aggregate spreading, (c)
rolling compaction, and (d) the complete construction sequences
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The asphalt distributor began by spraying bituminous HFMS-2s emulsion at a rate of 2.26
L/m2 (0.50 gal/yd2) on the existing asphalt surface, followed by aggregate application at a rate of
35.26 kg/m2 (65 lb/yd2), about 30% higher than the recommended value of 27.12 kg/m2 (50
lb/yd2). The application rate of 35.26 kg/m2 (65 lb/ yd2) was corrected after 2.89 km (1.80 mi)
during the first layer application. It is also worth noting that Otta seal. It is also worth noting that
Otta seal compaction method is different from that of chip seal construction in that: 1) for Otta
seal, the aggregate layer needs relatively more compaction compared with chip seals (e.g., 30
round trips), and 2) the vehicles that are not involved in the construction project have a key role
in the compaction process, (i.e., the more vehicles passing, the better the degree of compaction).
The actual binder spray rate was lower than the recommended rate of 2.49 L/m2 (0.55 gal/yd2).
Immediately after placing the binder and the aggregate, a 7.26-metric ton (8-U.S. ton) roller
made 30 compaction passes on the first day and 15 passes on the second day. The entire Otta seal
construction process is shown in Figure 2.3 d. The contractor was able to complete 2.89 km (1.80
mi) on the first day and continued to finish the remaining 3.22 km (2 mi) on the second day. The
appropriate rollers of 12 tons minimum are required for Otta seal, but in this project 8-ton rollers
were utilized based on the contractor availability. During the construction process, aggregate
spreading was noticed as a critical aspect influencing Otta seal construction and its resulting
performance. The amount of aggregate per unit area directly impacted the compaction and curing
steps; the presence of extra aggregate particles led to a relatively rougher surface, and the binder
also could not be squeezed upward to fully coat these particles.
Although the aggregate spreader was equipped with an automatic spread-rate controller,
there were challenges controlling the spread rate, including some human errors. Moist aggregate
had a tendency to clog the spreader head especially when the fines content and the plasticity of
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the fines was high. To ensure better compaction, a 12.70-metric ton (14-U.S. ton) pneumatic
roller was used after completing the first layer. Two weeks after construction of the first layer
(September 21–22, 2017), the construction crew continued the work of placing the second layer
of Otta seal. The same techniques and procedures were followed. Actual application rates
applied in the field during construction varied somewhat because of issues with the aggregate
spreader and the asphalt distributor. Regular traffic was allowed to return as soon as the
compaction process was completed.
2.4 Early Stage Otta Seal Performance Evaluation
In situ tests, including roughness (Figure 2.4a), loose aggregate (Figure 2.4b), and dustometer
(Figure 2.4c), were conducted. Visual appearance inspections were conducted both before and
after Otta seal construction to evaluate the performance of the Otta seal placed on CR L-40.
2.4.1 Visual Inspections at Different Construction and Service Periods
The changes in Otta seal color can be an indicator of the state of the curing condition,
because a surface that becomes dark indicates that the binder was squeezed up to coat and hold
the aggregates. Figure 2.5 shows the road surface colors at different times, and it can clearly be
seen that the surface had a relatively light color immediately after construction.
In general, the Otta seal surface became darker as time elapsed. Two weeks after second
layer construction, the surface turned from its regular dusty color (light brown) to grey and
continued to change to nearly black after 3 months of service. In that regard, the appearance of
the Otta seal surface became quite similar to that of regular HMA pavement. Pavement marking
was applied on the surface 3 months after construction (Figure 2.5c). Figure 2.5d shows a close
view of TS 3 at 6 months after implementation, at which point crushed limestone was applied as
shown in Figure 2.2. The surface color here was slightly lighter than other sections, because of
the natural color of the aggregates.
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Figure 2.4 (a) Measuring IRI using Roadroid software installed in a mobile phone, (b) loose
aggregate test equipment, (c) installing dustometer test equipment, (d) filter papers from
dustometer tests
2.4.2 International Roughness Index
The international roughness index (IRI) is a parameter used to assess the road roughness.
IRI was measured using a mobile-device-based app, the ‘‘Roadroid’’ (15), and measurements
took place on the existing HMA pavement surface before construction and at different intervals
after Otta seal construction. Figure 2.6 shows the comparisons among the average IRI values of
existing deteriorated HMA pavements before slurry seal application, values measured
immediately after first- and second-layer construction, and 6 months after construction.
The results indicate that IRI was approximately 4 m/ km before Otta seal implementation
on both lanes, whereas some values noticeably increased immediately after Otta seal, reflecting
poorer ride quality and drive comfort. However, similar to surface appearance changes during
service time, these values dropped to 2–3 m/km after 6 months, reflecting lower values than

37

(a)

(b)

(c)

(d)

Figure 2.5 Otta seal surface appearance: (a) second day, (b) two weeks, (c) three months, and
(d) six months after construction
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those before applying Otta seal. This finding indicated that Otta seal surface is capable of
providing a lower IRI index than before applying the Otta seal.
2.4.3 Dustometer and Loose Aggregate Tests
A dustometer was used to evaluate the effectiveness of Otta seal in controlling dust after
construction completion (Figure 2.4c). A pickup truck installed with a dustometer was driven at a
speed of 40 km/h (about 25 mph) over the desired length, after which dust-vacuumed filter
papers were weighed to determine the accumulated dust content per segment (Figure 2.4d).
Figure 2.7 shows the amounts of dust in unit length for each test section. It was reported that the
typical mean value of dust measured on gravel roads by dustometer is 1.70 g/km (2.74 g/mi)
(16). The results in this research indicated that Otta seal is capable of controlling dust at a level
lower than 1.6 g/km. TS 4 achieved the best capability to control dust, especially TS 4
constructed at the second day, possibly because of use of a heavier compactor during the second
day. However, TS 1 and TS 2 presented relatively poor capacity for dust control, possibly
because of use of improper aggregates in these two sections.
To perform a loose aggregate test (Figure Figure 2.4b), two wooden sticks were placed to
establish a single 4-in. wide lane, and a vacuum device was used to collect loose aggregate
between the two wooden sticks into a bucket. The results indicated that the test section using
crushed limestone (TS 3) provided the lowest amount of loose materials. In contrast, TS 2
presented four to five times more loose aggregate per unit area compared with the other sections,
strongly indicating that the application of filter sand at TS 2 was likely not appropriate because
apparently the asphalt binder was not able to bind the sand particles in this section.
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Figure 2.7 Results of (a) dustometer tests, and (b) loose aggregate
2.4.4 LWD Test
Otta Seal coatings are relatively inexpensive treatment types that can provide a protective
wearing surface on an existing pavement surface to increase its service life. There are various
types of pavement sealers; coal-tar-based, asphalt-based, and petroleum-based are three primary
types of sealers (9), all with pros and cons. Although surface treatments can generally be used to
provide a relatively inexpensive surface for low-volume traffic roads, they are not intended to
address pavement structural deficiencies (17). Similarly, Otta seal has been described in the
literature as a resurfacing layer that will not provide structural improvement (5, 7). To confirm
this statement, LWD tests were conducted on the existing pavement and 2 weeks after first layer
and second layer Otta seal implementations. The tests were performed following ASTM E2583
(18), and elastic modulus values were calculated according to Vennapusa and White (19),
producing the results plotted in Figure 2.8.
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Figure 2.8 LWD results conducted on existing HMA pavement, and first and second
layers of Otta seal
It is visually difficult to note whether Otta seal improved the elastic modulus of the road.
Although in comparing the median values of the ELWD only slight increases were noticed after
first- and second-layer implementation, to analyze the data in a more scientific manner, student ttests were demonstrated in accordance with Ott and Longnecker (20). The P-values statistically
comparing the ELWD values before Otta seal fabrication, after the first layer, and after the
second layer were 0.069, 0.396, and 0.307, respectively. All these P-values are higher than the
critical value, 0.05, indicating no significant difference between the three sets of ELWD values.
In other words, as indicated in Figure 2.8, the LWD measurement results showed an increase in
the ELWD, though this increasing effect is considered insignificant within a confidence interval
of 95%. Although this finding matches results reported in the literature (5, 7), some uncertainty
remains in relation to the influence of the asphalt binder hardening process on this finding. For
this project, in which Otta seal was applied on an HMA road, the structural capacity added by
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Otta seal was not surprisingly negligibly low in comparison with the composite modulus of the
existing pavement.
2.5 Otta Seal Service Life and Construction Cost
The expected service life for a road surface is an important consideration when road
surface section decisions are made. Indeed, most other long-term effectiveness considerations are
influenced by this service life (21). Figure 2.9 summarizes expected service lives of single chip
seal, double chip seal, single Otta seal, and double Otta seal, as reported in the literature (3, 22–
24).
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Figure 2.9 Typical service life ranges for bituminous surface treatments
In addition to the literature review, several site visits were conducted to assess the
longevity of Otta seal and chip seal roads. The results of site visits show that the service life of
Otta seal and chip seal was found to be within ranges mentioned in the literature. Table
2.4summarizes the visited sites indicating road locations, current condition of the visited site
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sections, and the construction year. The total construction cost for Otta seal application in
Cherokee County was almost US$2.5 per m2 for 6.4 km (4 mi) of road. The initial construction
costs of Otta seal and chip seal were obtained from Minnesota and Iowa bid records that are
publicly available (25). Bid data provide a simple, reliable, and quick method for estimating unit
costs (26). Similar to previous studies, which used bid records for cost analysis (27–30), the cost
data set used in this analysis was obtained over the previous 3- year period (June 2015 to June
2018). In total, seven bid records for double Otta seal, 11 for double chip seal, and six for single
chip seal were found. Figure 2.10 shows how unit costs of various Minnesota surface treatment
options were distributed from September 2015 to August 2017.
Table 2.4 Summary of Otta Seal Site Information in Minnesota
Road

County or City

Trial
section

St. Louis County

Const.
Year
2000

CR73
CR 168

Wabash County
Cass County

2003
2001

Unmarked
road
CR 171

Cass County:
2001
Northeast of CR 168
Cass County
2001

CR 25

Cass County

2001

ADT
260

200
Less than
150
Less than
150
Less than
150
Less than
150

Performance
Potholes and wash boarding
problems due to non-uniform
aggregate application
Good condition
Good condition
Good condition
Good condition; Thermal
cracks existed at intervals of
50 ft
Good condition; Thermal
cracks existed

The total construction cost for Otta seal application in Cherokee County was almost
US$2.5 per m2 for 6.4 km (4 mi) of road. The initial construction costs of Otta seal and chip seal
were obtained from Minnesota and Iowa bid records that are publicly available (25). Bid data
provide a simple, reliable, and quick method for estimating unit costs (26). Similar to previous
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studies, which used bid records for cost analysis (27–30), the cost data set used in this analysis
was obtained over the previous 3- year period (June 2015 to June 2018). In total, seven bid
records for double Otta seal, 11 for double chip seal, and six for single chip seal were found.
Figure 2.10 shows how unit costs of various Minnesota surface treatment options were
distributed from September 2015 to August 2017.
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Figure 2.10 Construction unit costs of chip seal and Otta seal projects in Minnesota,
obtained from Bid Express bid recordings (25)
According to design guidelines, the volume of binder in double Otta seal is usually close
to 2.25 L/m2 (0.50 gal/yd2). This would be virtually 50% more than that of double chip seal (3).
However, as shown in Figure 2.10, the mean values of unit costs for double Otta seal projects is
much less than that for double chip seal. According to discussions with contractors and
Minnesota and Iowa county engineers, the main reason for this difference between unit prices of
chip seal and Otta seal lies in the cost of hauling aggregate from aggregate producers’ storage
areas to job sites; in some chip seal cases the hauling distance would be more than 300 km. Also,
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since Otta seal has a less restricted requirement for aggregate gradation and strength (unlike chip
seal that requires using a uniformly graded aggregate), using local aggregate for Otta seal
surfacing is more often a viable option that could result in aggregate production and haulage cost
reduction (for locations not close to a good source of chip seal aggregate), reducing hauling cost
accordingly.
In addition, to compare the cost of a previous Otta seal construction in the state of
Minnesota (with the case study discussed in this paper [L40]) costs of previous Otta seal projects
were obtained from Minnesota bid tabulations that are publicly available (25). Also, Minnesota
and Iowa bid records (obtained for June 2015 to June 2018) were used to obtain chip seal initial
cost to provide insights on the difference between Otta seal and chip seal construction costs.
Figure 2.10 shows the construction costs of Otta seal and chip seal that were obtained from
Minnesota and Iowa bid tabulations that are publicly available (25). In total, seven bid records
for double Otta seal, 11 for double chip seal, and six for single chip seal were obtained.
As is shown in Figure 2.10, the Otta seal construction cost is close to the cost of previous
Otta seal projects conducted in Minnesota. However, as shown in Figure 2.10, double chip seal
projects usually cost more than Otta seal construction. Also, the construction cost of chip seal
projects fluctuates more than cost of Otta seal applications. According to design guidelines, the
volume of binder in double Otta seal is usually close to 2.25 L/m2 (0.50 gal/yd2). This would be
virtually 50% more than that of double chip seal (3). However, as shown in, the mean values of
unit costs for double Otta seal projects is much less than that for double chip seal. According to
discussions with contractors and Minnesota and Iowa county engineers, the main reason for this
difference between unit prices of chip seal and Otta seal lies in the cost of hauling aggregate
from aggregate producers’ storage areas to job sites; in some chip seal cases the hauling distance
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would be more than 300 km. In addition, since Otta seal has a less restricted requirement for
aggregate gradation and strength (unlike chip seal that requires using a single size aggregate),
using local aggregate for Otta seal surfacing is more often a viable option that could result in
aggregate production and haulage cost reduction (for locations not close to a good source of chip
seal aggregate), reducing hauling cost accordingly.
2.6 Conclusions
Otta seal has been reported as a more economical and durable alternative BST technology
for low-volume roads compared with conventional ones, such as chip seal. In this study, the
demonstration site was constructed in accordance with a standard double-layer Otta seal design
over a 6.4 km (4 mi) existing deteriorated asphalt pavement with extensive cracking. To assess the
performance of the constructed Otta seal, IRI tests were conducted and loose aggregates and dust
induced by passing traffic were measured. LWD tests were performed to evaluate structural
capacity improvement of Otta seal. Key lessons and findings from this study are as follows.


Otta seal design should follow the design guide (4), with gradation being the most critical
property for aggregate selection. The allowed aggregate gradation limits vary widely, and
the type selected should fall within the specific limits. Use of extra fine aggregate content
is of concern because it could lead to considerable fugitive dust emissions and relatively
larger amount of loose aggregates from and on the Otta seal surface. Dustometer test
results revealed that the test section constructed with low-fine-content aggregate
produced the least amount of dust associated with passing traffic.



In the design guide (4), the specified binder types are all cutback asphalt, but because of
concerns with the use of cutback asphalt in the U.S.A., asphalt emulsion was used in this
study. To account for this change, the recommended binder spray rate in the design guide
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(4) should be modified on the basis of asphalt content in the emulsion. The amount of
asphalt per unit volume of emulsion should be equal to the equivalent amount
recommended in the design guide (4). In this study, the applied spray rate of binder for
both layers was increased to 2.26 L/m2 (0.50 gal/yd2).


Aggregate spreading is another critical aspect that influences Otta seal construction and
resulting performance. First, the spread rate during construction should be carefully
monitored and checked. The amount of aggregate per unit area is directly impacted by the
compaction and curing processes, and the presence of extra aggregate particles led to a
relatively rougher surface at the earlier stage; the binder also could not be squeezed
sufficiently far upward to fully coat and bind these particles. The moisture content of
aggregates should be critically monitored before construction to prevent any chance that a
portion of the spreader head could be clogged by wet aggregate particles. Although
10.89-metric ton (12-U.S. ton) minimum rollers are required for Otta seal, the contractor
could only supply an 8-ton roller on the first day of construction. Subsequently, a 14-ton
roller was supplied, leading to better results.



Short-term performance test results indicate that the IRI values changed slightly after
Otta seal construction, with values after construction ranging from 2 to 3 m/km (126.72
to 190.08 in/mi) after 6 months; based on the short-term performance observed in this
project, Otta seal surface is capable of providing satisfactory skid resistance and
acceptable IRI values. However, LWD results revealed that the constructed Otta seal did
not significantly add structural capacity to the existing HMA pavement.
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Otta seal surface appearance changes over service life. It appeared to be similar to regular
granular roads immediately after construction but became darker after a few months of
service. The final appearance of Otta seal was similar to that of an HMA surface.
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CHAPTER 3. INVESTIGATION OF ADAPTING STATE-LEVEL PAVEMENT
PRESERVATION SPECIFICATIONS TO MEET LOCAL AGENCY NEEDS: CASE
STUDY OF CHIP SEALS IN OHIO
A paper to be submitted to a peer-reviewed journal.
Abstract
Ohio roadway agencies have utilized chip seals for the preservation of 29,000 miles of
low-volume roads to date. The need to monitor these roadways has always been a source of
concern for stakeholders, rural industries, and citizens as well as engineers responsible for
maintaining rural and lower-volume infrastructure. According to the National Cooperative
Highway Research Program (NCHRP) Synthesis 223, every dollar spent on preventative
maintenance at the correct time in a pavement’s life cycle saves $3-4 in future rehabilitation
costs (Geoffroy, 1996). Each state’s Department of Transportation (DOT) is the executive
agency overseeing projects within its jurisdictions, and this study assesses the availability of
resources and specifications for chip seals set by each State Transportation Agency (STA). The
goal of this case study was to assess the current state of general practices for chip sealing on
county, township, and municipal-maintained roads specifically for the state of Ohio. A
comprehensive survey was distributed among local agencies in the state; questions involved the
assessment of chip seal construction practices and post-construction roadway performance.
Variation in practices included duration between emulsion and aggregate application, rolling
specification, and allowed ambient air and pavement temperatures to improve the overall quality
of future chip sealing. The survey results indicate that some of the most common causes of chip
seal failure in Ohio are dirty aggregate, suboptimal weather conditions during construction, and
damage caused by snowplows.
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3.1 Introduction
Roadways built and preserved with bituminous surface treatments such as chip seals
provide local agencies with cost-effective strategies for managing their pavement network. The
need to follow best practices for application to ensure a long-lasting surface treatment is
especially important when these agencies are facing budget shortfalls. Chip seals have been
shown to be an effective pavement preservation tool capable of extending pavement life,
improving safety, and enhancing overall pavement performance; if applied at the right time, they
can even reduce rates of aging and restore serviceability (FHWA, 2006). According to White
(2012), there are countless differences in pavement management practices, with no “minimum
standard” by which all transportation agencies operate. Therefore, it is important that agencies
take into consideration their available resources and performance needs before implementing
state-level specifications for low-volume roads.
The systematic use of chip seal treatments allows agencies to re-surface a larger area of
their pavement network at shorter intervals. This helps slow pavement deterioration and provides
pavement serviceability at a lower cost compared to the use of reactive maintenance and
rehabilitation strategies. Many local agencies in Ohio use chip seal treatments to effectively
manage and preserve their pavement network. This case study investigates how local agencies in
Ohio tailor state-level specifications to develop best practice for their budget and performance
needs; the study also compares state-level chip seal specifications at a national level to
investigate how findings can be applied to a broader range of regions and climates.
In 2002, the Ohio Department of Transportation (DOT) updated the Construction and
Materials Specifications (CMS) for chip seal construction. The updates focused on improving the
quality requirements for binder and aggregate used in state-level projects; however, the
requirements for higher-quality polymer-modified asphalt binder and use of either washed
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limestone or dolomite also create higher price point. Many local agencies adopted a modified
version of the state CMS to meet the needs of low-volume roads at a lower cost.
Some local agencies use in-house crews to construct chip seals and application rates are
determined based on their experience, while others hire contractors using local specifications or
older versions of the Ohio DOT specifications. Success has varied, with some excellent
applications and some failures. Overall, maintaining, preserving, and rehabilitating pavements is
a major budget item for local public transportation agencies in Ohio, and more effort is being
made to identify best practices that can reduce cost while maintaining adequate performance.
This case study investigates best practices for chip sealing low-volume roadways and studies
how or when state-level specifications are modified to meet the needs of local agencies. It also
includes a comparison of chip seal specifications from all 50 states.
3.1.1 Problem Statement and Objectives
National studies about chip seal treatments provide guidance for best practices in
construction, binder and aggregate applications, compaction, and sweeping, which proves the
necessity of reliable specification for success of chip seal preservation projects (Gransberg &
James, 2005; Kim & Adam, 2011). Pavement preservation guidelines and specifications are most
often developed by State departments of transportation; however, the roadway requirements,
pavements designs, and pavement structure appropriate for large state-level projects can differ
dramatically from the needs of local public agencies. Local personnel often face a wide range of
infrastructure challenges, including bridges, storm water systems, traffic management,
construction administration limitations, and restrictive budgets. Weather conditions and local
availability of materials also have the potential to affect the long-term performance of chip seals.
Many engineers responsible for the preservation of low-volume roads across the United
States have empirically tailored their materials and construction practices to optimize cost; as a
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result, transportation agencies have experienced substantial variation in performance, with some
chip seal treatments exceeding desired expectations and others failing prematurely. Most
published studies about best practices in chip seal application tend to focus on best practices and
performance at the state-level, with only limited studies evaluating how these practices translate
to low-volume roads maintained by local agencies (Gransberg & James, 2005; Wood & Olson,
2007).
The primary objective of this study is to develop a case study investigating how local
agencies change and adapt chip seal specifications to meet the needs of low-volume roadways.
This case study first compiles information from a variety of local agencies (counties, cities, and
townships) across Ohio. Figure 3.1 shows the road agencies that participated in data provision to
develop this study. Next, the study summarizes how local agencies meet their individual
roadway needs and compare these to state-level specifications. Finally, state-level specifications
are compared at a national level to broaden the discussion about cost-saving measures and
potential impacts to performance for low-volume roadways. The research methodology used for
this study is presented in Figure 3.2.
3.1.2 Local Agency Roadways in Ohio
In Ohio, chip seals are widely used by local agencies to maintain roadway performance
and extend the service life of low-volume roads. To gather and evaluate information about chip
seals for low-volume roads in Ohio, a survey was developed and distributed to Ohio counties,
townships, cities, and villages. A total of 79 responses from local agency participants were
received, including: 41 counties, 25 townships, 11 cities, and 2 villages, as shown in Figure 3.3.
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Source: Reproduced from Roger et al. (2018).

Figure 3.1 Participating road agency locations which utilize chip seal are grayed out
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Figure 3.2 Case study at a glance

Figure 3.3 Average percentage of pavement types for responding cities, counties, townships, and
villages
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3.1.3 Chip Seal Project Selection and Contracting in Ohio
Local agencies performing chip seals understand the importance of allocating their
budgetary resources to the right treatment at the right time. The purpose for using chip seals in
Ohio are:


preserve existing roadways,



reseal previously chip sealed surfaces,



control dust on gravel roads,



waterproof existing roads, and



alternate in planned cycle with HMA resurfacing, and extend the service life.
Chip seals also contribute to preservation of pavement against distresses such as fatigue

cracking, longitudinal cracking, bleeding, and raveling. Many studies recommend using
bituminous surface treatments like chip seals on low volume roads because they provide better
results compared to gravel roads (Satvati et al., 2020).
The distribution of chip seal types reported in survey responses is shown in Figure 3.4
The most common type of chip seal surface treatment used by local agencies in Ohio was a
single-layer chip seal, used by 62 (out of 79) agencies. The second most common was double
chip seal, used by 26 agencies. Six survey respondents reported using cape seals, which consists
of a single layer of chip seal followed by a slurry seal. Three agencies utilized fog seal over chip
seal to improve aggregate adhesion quality.
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Figure 3.4 Survey responses on chip seal types
Chip seal treatments serve transportation needs for agencies with limited budget and play
a major role in connecting local roads to major highways, but site selection plays a key role in
performance. Chip seal should be used on pavements of at least fair condition with no major
structural distresses (Mahoney et al., 2014), and the Caltrans Division of Maintenance (2003) has
emphasized the importance of considering the effect of traffic volume on the embedment process
of aggregate. The higher the ADT on a project, the lower the correction factor, leading to
controlled application rates of materials to achieve the optimum embedment of 20% voids or
80% aggregate embedment. It is also important to account for the aggregate removed from the
roadway due to high traffic; Shuler (2011) found that heavy traffic at higher speed on chip seal
surfaces could lead to aggregate loss with greater amounts of bleeding and flushing.
Many local agencies set a limitation for maximum Average Daily Traffic (ADT) when
considering a roadway as a chip seal candidate. Local agencies interviewed in this case study
preferred to apply chip seal when the route was a high priority but had an ADT below 6000.
Survey participants also preferred the use of chip seal for routes with minimal presence of
agricultural husbandry equipment and greater mobility costs for materials.
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3.1.4 Common Chip Seal Designs
Chip seal design and construction practices were initially based on empirical approach
and experience (Gransberg & James, 2005); however, continuous research around the world has
enhanced and rationalized these concepts. Hanson (1934) took the first approach to scientifically
rationalize a design procedure for chip seal by studying aggregate voids when applied from a
chip spreader the void percentage is approximately 50%, when rolled the value of voids drops to
30%, and when a road is opened to the public this value drops further to 20%. These designs
influenced more contemporary methodologies, such as the Kearby (1953) method commonly
used in the United States. This method uses the following steps to investigate whether a selected
aggregate is suitable for chip seal: first, a laboratory board test is performed and the quantity of
aggregate per square yard is found; second, aggregate must be uniformly graded; and third, the
content of flat and elongated particles of the aggregate gradation is limited to a maximum of
10%.
The most common chip seal design methodology was developed by McLeod (1960) and
has been in use since the 1960s; it is meant for a single-layer chip seal (one-stone-thick) and
designed to achieve 80% aggregate particle embedment in the asphalt binder. Aggregate
application rate is influenced by aggregate size, unit weight, gradation, shape, specific gravity,
flakiness index, and material durability. Aggregate characteristics, such as absorption rate, as
well as factors like traffic volume, aggregate embedment, pavement condition, and residual
asphalt content are all considered for the application rate of binder.
The modified Kearby method emerged the mid-1970s (Epps et al., 1974). This
methodology focused on corrections for asphalt application rate and introduced a curve to
consider lightweight aggregate. Other chip seal designs include the New Zealand method, which
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places added emphasis on assessing existing pavement texture (Gransberg, 2007), and the South
African method.
3.2 Chip Seal Construction
There are many types of chip seals, but the most common is the single chip seal
application. The materials required to construct a single layer of chip seal surface are binder and
aggregate. As a preparatory measure for chip seal application, the surface of the selected
roadway must be clean, dry, and free of any unfavorable materials. After the surface is checked,
the selected binder is sprayed and the aggregate is applied at the rate specified by the design.
Common chip seal binder types include asphalt emulsion, hot applied, and asphalt rubber binder.
Some jurisdictions occasionally use coal-tar products. Rolling and sweeping are required to
finish the construction of a single-layer chip seal. Double chip seals are constructed with two
consecutive application of the binder and aggregate. These can be beneficial in areas of under
higher stress, when additional waterproofing is needed, and when sound pollution is a concern
(NCHRP 342, 2005). There are many chip seal types but the most common is the single chip seal
application.
Ohio DOT’s state-level specifications require certain weather conditions for construction,
as temperature and humidity have a substantial effect on substrate-binder-aggregate bonding and
curing rates. Ideally, temperature should be a minimum of 55°F with a maximum of 50 %
humidity. The construction season in Ohio generally begins in April and ends in November,
though several local agencies reported limiting their chip seal application to the period between
May and September.
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3.3 Chip Seal Quality Assurance and Performance
3.3.1 Chip Seal Quality Assurance (QA) and Quality Control (QC)
Quality control and quality assurance are essential aspects of the chip sealing process
(Kim et al., 2015). QA in chip seal construction involves the activities intended to ensure
adequate material quality, equipment quality, and performance of the final chip seal surface. QC
measures are more focused on evaluation and regulation of the material types and construction
practices. As illustrated in the hierarchy structure shown in Figure 3.5, QA in chip seal
construction is a multifaceted approach that involves independent testing and several QC
processes. The literature review indicated that that agencies are generally responsible for QA and
contractors for QC in terms of sampling and testing; however, if the chip seal is constructed with
an in-house crew, the agency maintains responsibility over both QA and QC.

Figure 3.5 Hierarchy structure of Chip Seal QA and QC
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3.3.2 Ohio local Agencies QA and QC
Local agencies in Ohio perform a wide variety of pavement-related maintenance and
rehabilitation activities to meet transportation needs for the public. This section discusses the
way local agencies use their available resources to adjust QA and QC processes to meet their
standards and expectations.
Some of the local agencies interviewed preferred to combine all chip seal projects,
including those in township, into one awarded project to maintain consistent quality. Others
followed trial and error method on smaller sections of pavement to determine optimum
application rates before beginning official construction. Many local agencies indicated the use of
an experienced inspector to ensure the accuracy of binder and aggregate application rates, then
adjusted their rates as needed. One engineer emphasized a method of checking aggregate
efficiency during construction by measuring aggregate kicked off and binder surface covered.
Overall, local agencies showed a willingness to accept lower quality materials and decreased
performance to reduce cost, but they still provided chip seal surfaces acceptable to the public.
3.3.3 ODOT QA and QC
The chip seal specification set by the Ohio DOT CMS established a level of control over
equipment, materials, and general construction practices. These specifications, as well as best
practices set by the Ohio DOT, are discussed in this section. The review of the ODOT
specification for chip seal construction revealed that a QC plan is not required before
construction; however, acceptable equipment types and capability requirements are clearly
defined. The contractor working on a project is required to sample and test materials to
determine whether they meet ODOT standards prior to construction. The contractor can
determine the final application rate for a project, but a superintendent from the agency is required
to check the application rates during construction to ensure the overall quality of the work. The
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ODOT specification also requires appropriate pavement temperatures between (60 – 140) F to
place chip seal, and chip seal should not be placed when the pavement is wet from rain or other
weather conditions.
Chip seal construction equipment consists of distributors, spreaders, rollers, and
sweepers. The DOT specifications require contractors to provide proof their equipment can meet
the minimum standards before construction can begin. Distributors shall be self-powered and
capable of providing a uniform application rate of emulsion varying from 0.05 up to 1.00 gallons
per square yard over a variable width 15-20 feet in a single pass. The ODOT specification
requires the distributor meet ASTM D 2995 requirements. Distributors must also include a
tachometer, accurate volume-measuring devices, or a calibrated tank, as well as a thermometer
for measuring the temperatures of tank contents. Aggregate spreader designated for use in chip
seal projects in Ohio must be calibrated before each project in accordance with ASTM D 5624.
Spreaders with computerized system are required to ensure a more uniform spread of aggregate
over the bituminous surface. The ODOT specification requires a type II pneumatic roller.
One way to improve the QA and QC of chip seal surfaces is by training/education chip
seal contractors and agencies crew. Technician Certification Policy (TCP) is a pavement
preservation certification which can provide an overview of pavement preservation construction
as well as the testing and inspection of pavement preservation treatment. In South Carolina
inspectors are required to be certified to test chip seal surfaces, and in Virginia contractors and
agency personnel must have the certification (Kim et al., 2018). The TCP is required in these
states to ensure that all technicians are properly qualified to test and inspect materials and
pavement preservation treatments. Table 3.1 illustrates the visual inspection technique for
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Table 3.1 Visual Inspection of the Chip Seal Emulsion and Potential Problem
Potential Problem

Conditions Based on Visual Inspection Technique

Raveling

When aggregate is not adhering to the emulsion

Running

When non-uniform thickness of emulsion is present

Flushing (bleeding)

When the emulsion rises above the surface of the aggregate

Streaking & longitudinal ridging

When poor quality application of emulsion takes in place

Rapid curing (breaking)

When the hydration of emulsion happens before the
aggregate is embedded into emulsion

Slow curing (breaking)

When the bonding of the asphalt binder to the aggregate is
delayed

Source: Davis (2015)

contractors and agencies to recognize when working with chip seal. The following demonstrates
the expected outcome of these training session which will lead to higher quality of chip seal.


Recognize pavement conditions that are best suited for chip seal treatments;



Identify ways that proper storage and handling of chip seal materials affect chip seal
constructability and performance;



Describe the construction of a chip seal;



Identify common problems associated with chip seals and recognize their solutions; and



Recognize key capabilities and limitations of chip seals.

3.3.4 Chip Seal Performance in Ohio
Figure 3.6 to Figure 3.8 illustrate the distributions of top distress, causes of failures, and

most common public complaints in chip seal surfaces based on the survey. The most frequent
causes for chip seal failures within local agencies are reflective cracking, bleeding, potholes,
raveling and longitudinal cracking. The reasons for these failures may be caused by the roads
condition before chip sealing, inappropriate application rates, and materials quality. However,
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Figure 3.6 Top distresses for chip seal failures

Figure 3.7 Top causes of chip seal failures

Figure 3.8 Survey responses for most common public complaint

roads’ agencies must pay close attention to their pretreatment condition as the survey indicates
that the most critical factors affecting service life are road surface condition (32%), underlying
structure (25%), and quality of chip seal (22%). In addition, the most reported causes of failures
from these local agencies are dirty aggregate, snowplow damages, and weather condition during
construction. These failures can be mitigated by following the ODOT specification and local
agencies practices concerning material selection and weather limitation for constructing chip
seal. As expected, the most usual public complaint from chip seal roads is loose aggregate. To
eliminate loose aggregate from chip seal surface, it is recommended to follow the agency
specifications in terms of utilizing washed aggregate, applying appropriate application rates,
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rolling, and sweeping. However, the survey revealed there were fewer public complaint received
with regard to road noise, ride quality, appearance, bleeding, dust, and other causes.
Furthermore, chip seal is used on roadways in Ohio to improve pavement performance
and extend service life. According to the ODOT’s preventive maintenance guidelines (2001), the
average life of chip seal treatment varies from 5 to 8 years. Also, in this case study, the majority
of the respondents indicate having a service life of chip seal between 4 to 7 years. However, the
responses received from local agency indicate in house and contractor chip seal projects have
varying expected life spans, except for the ones exceeding 10 years as shown in Figure 3.9.

Figure 3.9 Typical life span of Chip Seal
In addition, an extensive research performed by Rajagopal (2010) in Ohio included 225
chip seal state-level projects. The author indicated that performance peaked when chip seal is
applied on surfaces with pavement condition rate (PCR) 66-80, it is the range of PCR to gain the
full benefits of chip seal and to extend the underlying surface service life. Therefore, selected
sites for chip seal should be in good condition to ensure the maximum economical and
performance return to the agency and road users.
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3.3.5 Chip Seal Performance at National Level
Chip seal is practiced nationwide across the U.S. Gransberg (2005) sent surveys to 42
U.S. states DOTs and 12 U.S. cities and counties. All respondents in this survey noted that they
use chip seals as a Preventive Maintenance (PM) tool by following a planned cycle for their chip
seal surfaces. The respondents had an average of 7,000 miles of sealed pavement surfaces at the
DOTs district level. This indicates the level of trust by that DOTs have in chip seal as PM tool.
As result of their experience and knowledge of chip seals, the DOTs were successful and were
able to replicate success throughout their areas of jurisdiction. Also, the survey performed by
Gransberg (2005) indicated that the average service life of chip seals nation-wide is 6 years.
In Kansas between the years of 1962 and 2006, at least 745 chip seal projects were
completed and more than 7000 miles were treated with chip seal (Liu et al., 2009). The author
reported that the average service life of chip seal is about 4 years in Kansas and the max service
life reported is 9 years.
Wood and Olson (2007) conducted a comprehensive 16-year research funded by the
MNDOT to study chip seal which led to great success. In Minnesota, chip seal is used on low
and high-volume roads as the specifications and standards can readily assist practitioners to
utilize available resources to meet their demands. As result of the generous funds allocated to
chip seal studies, there was no reported failure of chip seal between the years of 2002 and 2007
in Minnesota. The efforts were sufficiently successful to increase chip seal usage on the State
highways in the state of Minnesota from 0 miles in 1997 to 450 centerline miles in 2005.
Furthermore, the authors indicated that the service life of chip seal is between 8 and 10 years.
In addition, Washington State Department of Transportation (WSDOT) saved $100
million in costs by alternating HMA surfaces to chip seal to extend their service life (Mahoney et
al., 2014). The authors also indicated that most states in the U.S. do not utilize chip seal as an
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alternating pavement tool with HMA because chip seal is only used on low-volume roads. The
reported service life in Washington State is between 6 and 8 years.
In Montana and Colorado, typical chip seal BST service life is between 6 to 7 years
before another chip seal is required (Mahoney et al., 2014). According to the authors, the
Montana state pavement engineers stressed that applying preservation measure such as chip seal
while the pavement is still in fair condition is key to Montana’s success. To fully benefit from
chip seal as preventive maintenance technique, the Montana and Colorado method of alternating
between chip seal and HMA overlay is the most cost effective based on their experience and
results. However, another research performed in Indiana indicated that chip seal can extend and
enhance the pavement service life by 2, 3, and 4 years when applied to HMA pavements with
poor, fair, and good conditions, respectively (Feighan et al., 1986).
In a low-volume pavement preservation study in Alabama, Jalali et al. (2019a, b)
quantified the crack-specific life-extending benefits of various chip seal sections including
single, double, and triple-layer chip seals. It was shown that the median life-extension benefits
range from 4.5 to more than 12 years, depending on the pretreatment condition. While all chip
seal section could significantly extend the life of the surfaces when compared with untreated
section, the benefits derived from the double and triple-layer chip seals were very close. Vargas
and Jalali (2020) also showed that if crack sealing/filling is applied prior to chip seal application,
the benefits of chip sealing can be further extended by an addition of 1.9, 1.5, 1.4 years for
pavement in “good”, “fair”, and “poor” pretreatment conditions, respectively. On the other hand,
in Louisiana, the weather is humid subtropical climate compared to most of the areas in the U.S.,
it is recommended to apply chip seal on low-volume roads having PCI between 70 and 74
(Mousa et al., 2020).
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3.4 Aggregate Materials
3.4.1 Local Agency Discussion (Survey Results)
In this case study, the survey results from local agencies revealed that the predominant
aggregate type used in Ohio is limestone, as shown in Table 3.2. The use of limestone and gravel
including crushed gravel was used statewide, while slag aggregate is used in part of Ohio. One
city and one township indicated they use pre-coated aggregate to improve the adhesion and ionic
bonding with the emulsion. Aggregate as large as No. 4 (4.76 mm) is used; however, No. 8 (2.38
mm) and No. 9 (2.00 mm) aggregate are primarily used for the surface or single-seal chip seals.
In addition, the max percent allowed passing sieve No. 200 (0.075 mm) is 1.5%. Some agencies
utilize smaller aggregate size because it requires less binder and does less damage from flying
aggregate, but special care should be given to avoid bleeding. Local agencies indicated that
larger size aggregate and double chip seals can reduce reflective cracking.
The cost-saving measures followed by local agencies in Ohio are primarily focus on
reducing the capital cost of the project as much as possible. One of the cost-saving measures
followed by local agencies in Ohio is purchasing the stockpile of aggregate by agencies to reduce
the overall cost and control the quality of aggregate. Moreover, the interview with local agencies
personnel in Ohio revealed that washed gravel aggregate can reduce the cost and improve the
performance.
Table 3.2 Case Study Finding of Aggregate Types vs. Number of Agencies
Aggregate Type

Number of Agencies

Limestone

53

Gravel

18

Slag

16

Dolomite

1
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3.4.2 Ohio State Specifications
Selection of appropriate material for chip seal treatment can provide continuous
applications of aggregate and emulsion which ultimately will result in a more uniform, and
smoother treated surface. The Ohio DOT specification for chip seal recommends utilizing
specific aggregate type, such as washed limestone or dolomite with graded gradation as shown in
Table 3.3. In addition, the specification allows the use of washed slag aggregate instead of
limestone or gravel. However washed limestone and dolomite improve adhesion with binder and
reduce bleeding from the underlying layer. Further, the Ohio DOT specification highlights the
importance of minimizing the aggregate passing the sieve No. 200 to 1.5% at max to minimize
dust and promote good bonding between the aggregate and asphalt binder. Table 3.4 illustrates
the allowed tolerance if the aggregate gradation varies from the Ohio specification for chip seal.
Table 3.3 Chip Seal Aggregate Gradation Requirement, Ohio DOT (2019)
Sieve Size (mm)

Type A

Type B

Sieve 1/2" (12.5)

100

-

Sieve 3/8” (9.5)

85-100

100

Sieve #4

(4.75)

5-25

85-100

Sieve # 8

(2.36)

0-10

5-30

Sieve #16 (1.18)

0-5

0-10

Sieve #200 (0.074)

1.5 max washed value

1.5 max washed value

Table 3.4 Aggregate Gradation Allowed Tolerance, Ohio DOT (2019)
Sieve Size

Gradation Allowance

Sieve #4 (4.75)

±5 %

Sieve # 8 (2.36)

±3 %

Sieve #200 (0.074)

±1 % with 2% upper limit

Aggregate Moisture Content (Dry Weight)

4% Max. If Absorption > 2.0%
3% Max. If Absorption ≤ 2.0%
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3.4.3 Aggregate National Level Practices
A major concern among road agencies for chip seal is the availability of the single size

aggregate gradation and the cost of hauling and transportation (Nahvi et al., 2019). Aggregate
requirements in chip seal specifications varies from one state to another in the U.S., even if they
are next to each other due to weather and mineral availability. For example, the Michigan DOT
specification requires engineers to utilize coarse aggregate and to submit daily report on
aggregate gradation and moisture content until the project is complete (MDOT, 2012). On the
other hand, in Ohio the specification requires washed limestone or dolomite. Moreover, the
Illinois DOT specification for chip seal requires variety of coarse minerals for chip seal such as
gravel, crushed stone, and slag (IDOT, 2012). According to the 2018 edition of California Seal
Coat Specification, the required aggregate for chip seal are broken stone, crushed gravel, or both
and the required gradation in California depends on the type of the asphaltic product involved.
These products involve asphalt emulsion, polymer modified asphalt emulsion, and asphalt rubber
binder. The Caltrans Standard Specification (2018) requires the aggregate gradation to be within
the gradation ranges stated in the specification to accept the final surface. The required aggregate
gradations for California projects are shown in Table 3.5 (Caltrans, 2018).
In Florida, the Florida Pavement Preservation Council (FPPC) requires that all aggregate
for chip seal projects shall be washed, hard, durable, clean, and free from coatings or deleterious
material. Also, the aggregates shall be crushed gray granite with 100% fractured faces. The
reason for specifying granite with gray color is to have users’ satisfactions due to the appearance
of gray granite post-construction. Table 3.6 illustrates the required aggregate gradation for chip
seal surfaces in Florida by the FPPC. In addition, in Florida the FPPC specification requires to
utilize only one source of aggregate. However, it is important to note that FPPC specifications
are not enforced in Florida DOT projects.
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Table 3.5 Required Aggregate Gradation Limits in California
Percent Passing
3/8" max

3/8" max

3/8" max

Emulsion

Modified

Rubber

Sieve 3/4" (19.00)

----

----

100

Sieve 1/2" (12.5)

100

100

95-100

Sieve 3/8” (9.5)

85-100

85-100

70-85

Sieve Size (mm)

Sieve #4

(4.75)

0-5

0-15

0-15

Sieve # 8

(2.36)

----

0-5

0-2

Sieve #16 (1.18)

----

----

----

Sieve #30 (0.595

----

----

----

Sieve #200 (0.074)

0-2

0-2

0-1

Source (Caltrans, 2018).

Table 3.6 Required Aggregate Gradation Limits in Florida
Sieve Size (mm)

1/2" Chip

3/8" Chip

1/4" Chip

Sieve 3/4" (19.00)

100

100

100

Sieve 1/2" (12.5)

95-100

100

100

Sieve 3/8” (9.5)

0-60

95-100

100

Sieve 1/4” ()

0-10

0-35

95-100

Sieve # 8

0-3

0-3

0

0-2

0-1

0-1

(2.36)

Sieve #200 (0.074)
Source: FPPC (2014).
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The Idaho Standard Specification for Highway Construction (2018) is unique as it
considers two envelopes of aggregate gradation limits for chip seal projects as shown in Table
3.7. The first gradation limit is for urban areas, it mainly consists of No. 4 aggregate. The second
gradation is for rural roads and the requirement requires a coarser aggregate gradation with a
higher percent of the aggregate retained on the 3/8" sieve. The Idaho’s specification for chip
seals accommodates urban and local agency needs. Local agencies should consider their
individual needs and adopt a chip seal specifications that meet the needs of their jurisdiction and
work to ensure the specifications incorporate materials that can be obtained cost-effectively.
Table 3.7 Required Aggregate Gradation Limits for Urban and Rural Idaho

Percent Passing

1/2"

3/8"

No. 4

No. 8

No. 200

Class A-Urban

100

95-100

0-6

0-3

0-2

Class B-Rural

100

40-70

0-6

0-3

0-2

Source ITD (2018).
3.5 Binder Materials
3.5.1 Local Agency Discussion (Survey Results)
In this case study, the survey results from local agen
cies determined that the most common binder type used by the local agencies is HFRS2P, which has been used by 15 agencies. The second most used binder is CRS-2P which has
been utilized by 13 agencies, and CRS-2 is the third most applied binder type used by 12
agencies, as shown in Table 3.8. Although the polymer binders (HFRS-2P and CRS-2P) are
widely used, only 22% of the respondents have observed a performance difference in chip seals
that employ modified binders. It is crucial to note that improved performance included faster and
better aggregate retention, less bleeding, and longer service life.
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Table 3.8 Case Study Finding for Binder Types vs. Number of Agencies
Binder Type

Number of Agencies

HFRS-2P

15

CRS-2P

13

CRS-2

12

RS-2

7

MC-300

7

HFRS-2

4

MWS-90

3

MWS-150

2

AC 2.5

1

AC 5-Latex

1

AC 10-Latex

1

RT-9

1

AE150G

1

RT-9

1

RT-10

1

3.5.2 Ohio State Specifications
According to the Ohio DOT specifications for binders in chip seal, polymer modified
emulsified binders should meet the specifications stated in Table 3.9 in accordance to AASHTO
T59. There are multiple binders which have proven their success in chip seal projects. However,
binders should be selected with the material properties and test methods in accordance with
ASTM and AASHTO. In addition, local regulations and laws concerning binder and aggregate
selection should be followed. To gain good adhesion with larger aggregate, it is suggested that
High Float Rapid Setting (HFRS) Emulsion be used (Kim & Im, 2011). Extending the service
life of the chip seal by two or three years is possible when using polymer modified binders that
can enhance stone retention and improve adhesion (NCHRP 324, 2005; Yildirim, 2007).
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Table 3.9 Specifications for Polymer Modified Emulsified Binder
Property
Saybolt Furol Viscosity (g)

Specification
120-550 at
50°C

Storage stability, 24 hrs., % difference, max (a)

1

Demulsibility, 35 ml of 0.8% Dioctyl Sodium Sulf., min

50

Sieve test, (distilled water), %, max

0.1

Distillation to 177ºC, residue % solids (d)

66

Oil distillate, %, max

2

Penetration, 100g, 5 sec @77 ºF (25ºC) AASHTO T 49
Softening point, º C, min AASHTO T 53
Solubility in TCE, %, min ASTM D 2042 or D 5546
Elastic Recovery, 50 ºF (10ºC), %, min (AASHTO T 301)

75-125
57
97.5
60

Source: Ohio DOT (2016)
3.5.3 Binder National-Level Practices
As chip seal consists of the aggregate and the binder residuals mainly, specifying
standards for the binder is important in chip seal. Moreover, the binder residual that hold the
aggregate together is most sensitive to environmental conditions (Gransberg & James, 2005).
Therefore, each state specifies the right binder specification based on their climatic conditions.
Furthermore, within the state there should be modifications to chip seal specification to meet the
demand and state-specific climatic variation. For example, the lower peninsula of Michigan
experiences cold and harsh winters but the upper peninsula of Michigan experiences extreme
cold and harsh winters.
In Michigan, chip seal specification requires emulsion to be polymer modified to enhance
the overall performance. Further, the specification requires the emulsion to be homogeneous and
show no separation of asphalt after thorough mixing, for a period of at least 30 days after
delivery (MDOT, 2012). Whereas in Illinois, a new updated specification requires rapid setting
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anionic polymer modified emulsion or a rapid setting cationic polymer modified emulsion. When
using a cationic material, the emulsion should meet AASHTO T 59 and when using either a
cationic or anionic emulsions, the supplier shall certify prior to the start of mix production, the
material meets the specification shown in Table 3.10.
Table 3.10 Specifications for Polymer Modified Emulsified Binder in Illinois
Tests on Emulsions (AASHTO T 59)

Limits

Viscosity, Saybolt Furol, 77 F (25 C), s

20-100

Viscosity, Rotational Paddle, 77 F (25 C), mPa-s (AASHTO T 382)

40-200

Storage Stability Test, 24 hours

1 max

Sieve Test, % retained on #20 (850 μm) sieve
Residue from Distillation, %

0.05 max
63 min

Demulsibility:
35 ml, 0.02N CaCl2, %, or

40 min

35 ml, 0.8% dioctyl sodium sulfosuccinate, %

40 min

Penetration, 77 °F (25 °C), 100 g, 5 s, 0.1 mm, (AASHTO T 49)

90-150

Elastic Recovery, 50 ºF (10ºC), %, min (AASHTO T 301)

50 min

Ash Content, % (AASHTO T 59)

1

Source: Illinois DOT (2019).

In California, the (Caltrans, 2018) controls chip seal materials such as aggregate and
binder. The required standards in California are adopted from AASHTO. These standards are
AASHTO T 59 and AASHTO T 301. Moreover, torsional recovery test is required in California
for polymer asphaltic emulsion. The torsional recovery test determines the amount of elasticity
that a polymer has imparted to an asphalt.
According to the Florida’s chip seal specification all emulsions must be approved by the
DOT before applying them on any state-owned roads. Further, the Florida’s specification
requires each emulsion to be tested according to the limitations stated under requirements in
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specifications Sub-article 916-3.2. The stated emulsion types in the specification that are most
common for chip seal surfaces are high float, rapid settings, and cationic (FDOT, 2020).
In Idaho, there are chip seal coat warranty guides to control the quality of chip sealing
material and practices to ensure contractor and local agencies follow these regulations and
standards. They also warrant the workmanship and materials against contractor obligated defects.
The specification states that emulsions for chip seal projects on state owned roads must meet
AASHTO M 140, AASHTO M 280, and AASHTO M 316 standards. Furthermore, the
emulsions section in the specification controls the quality of the most common used emulsion in
chip seal which are CRS-2R and CRS-2P to ensure the chip seal surfaces are providing their best
performance. The state of Idaho can assure the best of these binder materials by providing the
maximum and minimum limits allowed of these emulsions. It is important to note that these
standards and protocols followed in Idaho is ideal to meet local agencies needs and to provide
the best QC and QA for the tax payers’ money on public projects.
3.6 Application Rates
3.6.1 Local Agency Discussion (Survey Results)
Based on the survey results, less than half the agencies use a design procedure for binder
and aggregate application rates. When designed, an in-house procedure is the most common
method followed by empirical methods based on experience and informal methods. None of the
agencies used common design procedures such as the Kearby or McLeod method as shown in
Figure 3.10. Only 30% of the responding agencies constructing chip seals require a warranty.
The warranty provides needed coverage against any construction and material deficiencies, but it
does not apply to structural defects, which may exist in the underlying structure.
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Figure 3.10 Survey results for design procedures in Ohio
3.6.2 Ohio State Specifications
Ohio DOT chip seal specifications stress the importance of ensuring enough cover
aggregate is available on-site before applying the binder. For a single-layer chip seal, the
standards specify a minimum binder rate of 0.37 gallons/yd2. If a double-layer chip seal is used,
a minimum binder rate of 0.35 gallons/yd2 must be used for the first course and 0.38
gallons/yd2 for the second. The binder temperature should remain within the range of 150 to 185
°F during construction, and if the binder cools beneath 150°F, it can be reheated at a maximum
rate of 25°F per hour.
3.6.3 Application Rates at the National Level
Optimum design inputs and best practices during construction can increase the service
life of chip seal projects. Some of the important criteria defined by chip seal specifications
nationwide are spread rates, time allowed between placement of emulsion and cover aggregate,
roller requirements, and weather limitations.
The spread rate refers to the quantity of aggregate that needs to be applied on freshly
sprayed asphalt emulsion to ensure the formation of a proper BST such as chip seal. Table 3.11
shows application rates in various U.S. states as well as tolerance, if available. It is worth noting
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Table 3.11 Application Rates (Range Values) of Binder, Aggregates, and Allowed Tolerances
Binder Application
Rate gal/yd2

Binder Application
Tolerance

Aggregate Application
Rate lbs/yd2

Aggregate Application
Tolerance

Alaska

Engineer

-

Engineer

-

Arkansas

Engineer

-

Engineer

-

Alabama

-

-

10-20

-

Arizona

Engineer

10%

32

-

California

-

-

-

-

Colorado

Engineer

-

Engineer

-

-

-

-

-

0.5

-

33.5

-

Florida

0.28-0.46

-

18-22

-

Georgia

0.17-0.34

± 0.02

16.60-31

± 2.3

Hawaii

-

-

-

-

Indiana

0.12-0.68

-

22

-

Iowa

0.30-0.40

-

10-30

-

Idaho

Engineer

-

Engineer

-

Illinoi

0.2-0.5

-

15-25

-

Kansas

0.20-0.30

-

21-30

-

Kentucky

Engineer

-

Engineer

-

Louisiana

0.31-0.41

-

30-35

-

Massachusetts

Engineer

-

Engineer

-

Maine

0.25-0.50

-

Engineer

-

Minnesota

Test Section

-

Test Section

± 0.5

Michigan

0.39-0.46

± 0.01

20-24

±1

Missouri

0.2-0.4

-

25-30

-

Montana

Test Section

-

Test Section

-

Maryland

0.30-0.50

-

20-50

-

Mississippi

0.36-0.49

Engineer

20-35

-

0.1

-

-

-

Nebraska

0.17 to 0.33

-

15 to 27

-

New Ham.

Engineer

-

Engineer

-

New Jersey

0.2

± 0.05

65 - 95

-

New Mexico

Engineer

± 0.04

Engineer

-

-

-

-

-

State

Connecticut
Delaware

Nevada

New York
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Table 3.11 (Continued)
Binder Application
Rate gal/yd2

Binder Application
Tolerance

Aggregate Application
Rate lbs/yd2

Aggregate Application
Tolerance

North
Carolina

0.32-0.35

± 0.03

10-18

±1

North Dakota

Engineer

-

Engineer

-

0.37

± 0.02

-

-

0.25-0.70

± 0.02

13-55

-

0.3

N/A

25-35

-

Pennsylvania

0.25-0.50

N/A

25-45

-

Rhode Island

Engineer

± 0.05

Minimum 30

±5

South
Carolina

0.28-0.35

0

15-20

0

-

-

-

-

0.17-0.45

-

17-30

-

Texas

Modified Kearby
Method

-

Modified Kearby
Method

-

Utah

Engineer

-

Engineer

±1

Vermont

Engineer

-

Engineer

-

Virginia

-

-

-

-

Washington

0.35-0.65

-

25-45

-

W. Virginia

0.15 - 0.4

-

26.5

-

Wisconsin

Engineer

-

Engineer

-

Wyoming

Test Section

-

Test Section

-

State

Ohio
Oregon
Oklahoma

South Dakota
Tennessee

that 3,200 pounds was used as the standard unit weight for a cubic yard of crushed gravel when
making conversions between cubic yards per square yard to pounds per square yard.
The rate at which emulsions cure is based on their chemical attributes as well as their
compatibility with a chosen aggregate. The time interval between placement of emulsion and
cover aggregate is specified for most states. Chip seal designs generally suggest that applying
cover aggregate sooner fosters better bonding between the stone and emulsion, which may
increase aggregate retention on the treated surface.
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A review of state specifications for chip seals revealed that 29% (14 specifications) rely
on engineer experience and knowledge to determine a project’s application rate and 6% (3
specifications) require use of a test section. Specific ranges of rates and guidelines for agencies
to follow were featured in 56% (28 specifications) of states. As shown in Table 3.11, Texas was
the only state whose DOT specification required utilization of the modified Kearby method.
Upon completing of the spraying and covering the chip seal, the fresh surface must roller.
This is one of the most important processes in chip seal construction, as it ensures proper
embedment of the aggregate into the emulsion. Rolling and compaction operations are typically
performed with pneumatic rollers; however, a number of states allow steel drum rollers to be
used as well. As shown in Table 3.12, state specifications often detailed recommended types of
rollers, speed limits, and the optimal time interval between placement of the aggregate and the
initial roll. The allowed speed was given due to the ease in which the chips could be picked,
rolled over, or shoved. A set speed limit greatly impacts the quality of the finished chip seal.
Specifying a time interval between aggregate placement and the initial pass of rollers ensure a
solidified bond at 50 to 70% of the chip thickness, which can prevent future chip loss from
traffic.
In addition to the other requirement, many states set a standard time frame during the
calendar year where chip sealing projects can occur. As shown in Table 3.13, most states place
limitations on chip sealing based on ambient temperature or pavement temperature at the time of
construction. The construction season for chip sealing generally begins in March and extends to
October, but dates can vary depending on local climate.
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Table 3.12 Rolling Specifications by State
State

Type

Gross Load

Quantity

Speed

Time to Start Rolling

-

-

Sufficient

-

5 Minutes

Alaska

Pneumatic

200-350 lb/in

2+

5 MPH Max

-

Arizona

Pneumatic

-

Sufficient

-

-

Arkansas

1 Pneumatic/1Steel

45 psi

2+

-

Immediately

California

Pneumatic

-

Sufficient

-

-

Colorado

Pneumatic

-

2+

-

Immediately

Delaware

1 Pneumatic/1Steel

-

2+

-

Immediately

Florida

Pneumatic

80 psi

3

5 MPH Max

1 Minute

Georgia

Pneumatic/Steel

-

2+

5 MPH Max

Within 1 Minutes

Idaho

Pneumatic

220 lb/in

-

8 MPH Max

Immediately

Illinois

Pneumatic

-

-

-

Immediately

Indiana

Pneumatic

50-90 psi

3+

-

Within 2 Minutes

Iowa

Pneumatic

80 psi

-

Pneumatic

Within 200 Feet

Kansas

Pneumatic

-

3+

-

Immediately

Kentucky

Pneumatic

-

-

-

Immediately

Louisiana

Pneumatic

-

-

-

1 Minute

Maryland

Pneumatic/Steel

-

-

-

Immediately

Michigan

Pneumatic

-

3+

5 MPH Max

Within 2 minutes

Minnesota

Pneumatic

-

3+

5 MPH Max

Within 2 minutes

Mississippi

Pneumatic/Steel

50 psi

-

-

Immediately

Missouri

Pneumatic

80 psi

-

-

Immediately

Montana

Pneumatic

250 lb/in

2

-

Within 30 minutes

Nevada

Pneumatic

-

2

5 MPH Max

Immediately

New Ham.

Pneumatic

-

-

-

-

New York

Pneumatic

80 psi

1-4

5 MPH Max

Within 5 Minutes

N. Carolina

Pneumatic

-

-

-

Within 5 minutes

N. Dakota

Pneumatic

40-90 psi

1

7MPH Max

Immediately

Ohio

Pneumatic

55-85 psi

-

-

-

-

-

-

7 MPH Max

-

Alabama

Oklahoma
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Table 3.12 (Continued).
State

Type

Gross Load

Quantity

Speed

Time to Start Rolling

Pneumatic/Steel

-

2 P./ 1 S.

5 MPH Max

-

Pennsylvania

Pneumatic

40-50 psi

Sufficient

-

-

Rohde Is.

Pneumatic

-

2+

-

Immediately

S. Carolina

Pneumatic

-

2

7 MPH Max

Before Em. Break

S. Dakota

Pneumatic

250lb/in psi

4+

5 MPH Max

Immediately

Tennessee

Pneumatic

-

-

-

Immediately

Utah

Pneumatic

-

-

-

Before Em. Break

Virginia

Pneumatic

200-350 lb/in

1+

5 MPH Max

-

Washington

Pneumatic

-

3+

8 MPH Max

Immediately

W. Virginia

Pneumatic/Steel

-

-

-

Immediately

Wisconsin

Pneumatic

30 psi

-

-

Immediately

Oregon

3.7 Conclusion and Lessons Learned
The focus of this case study was to distribute a scholarly survey to road agencies across
Ohio to evaluate the current state of practice for chip sealing on county, township, and
municipal-maintained roads in the state. Chip seal is one of the most common preventive
maintenance tools used by roadways engineers to extend the service life of pavement. Based on
the survey results and findings from studies at a state and national level, it appears the service
life extension of chip seals are maximized if they are applied under optimal pavement and
weather conditions. DOTs responsible for updating pavement preservation specifications should
consider the resources available to smaller, local agencies and try to better meet their needs.
Low-volume roads engineers also can tailor specification and adjust the specification based on
their resources and needs to meet the public satisfaction. Weather is a key factor in determining
when chip seal can be constructed, as well as in their post-construction performance; therefore,
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Table 3.13 Allowed Ambient Air and Pavement Temperatures (F) for Chip Seal
Construction
State

Date Range(s) for Place

Allowed Ambient Air
Temp F (C)

Pavement
Temp. (F)

60+

-

-

60+

75+

85+

-

60+

Alabama

June – September

Alaska

-

Arizona

March 15 – May 31, September 1 – October 31

Arkansas

April 15 – September 30

California

-

60-105

55+

Colorado

-

70+

70+

Delaware

April 15 – September 30

50+

-

Florida

-

60+

60+

Georgia

April 15 – October 15

60-85

60-125

Idaho

June 15 – September 1

-

80-140

Illinois

May 1 – October 1 (or 30 if certain conditions are met

60+

-

Indiana

May 1 – October 1

60+

-

Iowa

Before September 1

-

-

Kansas

June 1 – September 15

60-85

70+

Kentucky

-

60+

-

Louisiana

-

60+

60+

Maryland

-

50+

50+

Michigan

June 1 – Aug 1 (Conservative), May 15 – Sept 15

55+

55-130

Minnesota

May 15 – Aug 10 (Conservative), May 15 – 31

60+

60+

Mississippi

March 1 – October 15

60+

-

Montana

May 1 – August 31

-

-

Nevada

-

50+

New Jersey

-

50+

50+

New York

May 1 – September 7

50+

60+

N. Carolina

April 1 – October 15

50-98

50+

N. Dakota

-

45+

45+

Ohio

May 1 – September 1

70+

60-140

Oklahoma

May 15 – September 15

60+

70+

Oregon

July 1 – August 31

-

70+

Rohde Isla

-

-

50+

S. Carolina

March 15 – October 15

60+

-

S. Dakota

May 15 – Aug 31 (Conservative), May 15 – Sept. 15

70+

-
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Table 3.13 (Continued).
State

Date Range(s) for Place

Allowed Ambient Air
Temp F (C)

Pavement
Temp. (F)

Tennessee

April 15 – October 1

-

-

Utah

May 15 – August 31

70+

70-120

Washington

May 1 – August 31

60+

55-130

W. Virginia

May 1 – October 1

-

50+

Wyoming

June 15 – August 31

60+

60+

specifications that consider the variation in climate and temperature across the state can be
beneficial for practitioners responsible for maintaining rural roads.
Following are lessons learned and recommendations that flow out of the survey results
and review of the specification:


The most common chip seal being used by road agencies in Ohio is single-layer chip seal
due to its reliability and ease of construction.



The most critical factors determining service life, as identified by local agencies in Ohio,
were condition of the original road (32%), condition of the underlying structure (25%),
and quality of chip seal (22%).



Dirty or dusty aggregate, suboptimal weather conditions during construction, and
snowplow damages were the main influence on chip seal failures in Ohio.



“Presence of loose stone” was the most common public user complaint for chip sealed
roads.



Ohio agencies predominantly use limestone aggregate.



Polymer modified binders provide good stone retention, extending the life of the chip seal
an estimated two to three years.



The (HFRS) emulsion provides improved adhesion, especially with larger aggregate.
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Washed aggregate, as opposed to un-washed, provided better adhesion with binder and
reduce dust and bleeding from underlying layer.



Chip seals are most sensitive to climate and weather conditions during and directly after
construction.



Updating specification to meet local agencies needs will allow local agencies to utilize
chip seal under controlled standards.



Testing and certification for contractors can improve the quality of workmanship and
materials for chip seal projects.
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CHAPTER 4. DEVELOPMENT OF PROBABILISTIC AND DETERMINISTIC
PREDICTION MODELS FOR THE WIDELY APPLIED PRESERVATION
TREATMENT: CHIP SEAL
A paper to be submitted to a peer-reviewed journal.
Abstract
Chip seal bituminous surface treatments are known to be one of the most efficient and
cost-effective maintenance and preservation methods for flexible pavements. Improvements and
modifications of the current specifications are necessary to extend service life, especially on chip
seals which are frequently used as part of BSTs by many road agencies. This study focuses on
developing models to predict macro texture depth (MTD) to evaluate chip seal surfaces in the
state of Oregon through a performance-based approach that is similar to New Zealand Transport
Agency chip seal performance-based evaluations. As a result of this study, modifications to
existing chip seal specifications in Oregon were achievable by utilizing data from a 5-year study
involving chip seal test sections as well as agencies and industry participation. This paper also
includes details about the chip seal specifications, materials involved in the chip seal design and
construction, and application rates and road conditions before chip seal construction for each test
section. The data were used to develop pavement performance models according to the firstorder Markov chain which is a probabilistic approach that pavement engineers and researchers
have utilized to predict future pavement service life with PCI database and second-degree
polynomial equations capable of predicting the surface MTD with high accuracy. The prediction
models are validated by comparing them with 10 test sections built in Oregon in 2019, and the
goodness of fit for the models is established statistically.
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4.1 Introduction
4.1.1 Chip Seal Types and Challenges
A chip seal is a preservation treatment applied by spraying a bituminous binding agent
and immediately spreading and rolling a thin aggregate cover (Gransberg & James, 2005). The
rolling operation is intended to embed the aggregate into the binder and ensure chip retention.
Chip seal is usually applied on low volume roadways to eliminate raveling, retard oxidation,
reduce the intrusion of water, improve surface friction and seal cracks (David, 2001). The
number of layers applied depends mainly on the condition of the pavement surface being treated
(Pedro et al., 2017). The bituminous binding agent can be an emulsified asphalt or hot-applied
asphalt cement. The preferred and desirable aggregate for chip seal is a single-sized crushed
aggregate. However, chip seal may be constructed with graded aggregate (Wood et al., 2006).
Single size aggregates are more uniform in height and have sufficient surface area for the binder,
otherwise, finer aggregates would fill the space within the aggregate structure. There are multiple
types of chip seal but the one commonly utilized is comprised of a single layer of binder and
aggregate rolled and compacted per specifications. Other chip seal types can be:
a. Multiple layers of aggregate and binder compacted to create a durable surface;
b. Racked in seal which is a special type of surface treatment that requires the application of
choke stones to fill the voids in the seal;
c. Cape seal which is a single chip seal application followed by a slurry seal;
d. Inverted seal which consists of placing large aggregates on top of smaller aggregates to
create an inverted seal; and
e. Sandwich seal which includes having one layer of binder application placed between two
aggregates layers. Sandwich seals are used for absorbing excess binder on a flushed
surface.
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Major challenges and concerns associated chip seal are the high variability of chip seal
performance and success. These challenges have occurred over the years and have been
documented in many studies (Gransberg & James, 2005). The main reason for the high
variability is due to utilizing empirical design approaches which cannot correlate preconstruction to post-construction performance based on a systematic approach. The current
research addresses this challenge by analyzing five years of chip seal performance and
correlating prior and post construction performance by utilizing five-years of macro texture
depth (MTD) data. The impetus of this research is to incentivize a contractor to meet the
desirable performance of chip seal by following performance-based specifications to satisfy road
agencies and comfort road users.
4.1.2 Research Objectives
The objective of this study is to provide practitioners with a set of models built by data
driven from test sections to evaluate chip seal surfaces based on performance. The prediction of
MTD is through probabilistic and deterministic deterioration models for MTD to determine
failure probabilities and to predict MTD values for chip seals, respectively. The developed
models can assist decision makers to better manage bituminous surfaces under their jurisdictions.
Furthermore, it is anticipated that DOTs can utilize this study’s outcome to emphasize the
importance of MTD measurements, and update their standards and specifications to reflect the
efficiency and effectiveness of the sand circle test in specifications. Performance-based
specifications for chip seal can be enhanced by incorporating MTD measurements to evaluate
chip seal surfaces in order to enable practitioners and contractors to identify the trigger interval
during chip seal service life to preserve chip seal surfaces at the appropriate time.
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4.1.3 Chip Seal Performance
Practitioners widely utilize chip seal as a pavement preservation tool on the road network
to keep up with budget constraints and to delay pavement deterioration. Chip seal is one of the
main alternatives to Hot Mix Asphalt (HMA) and Portland Cement Concrete (PCC) (Mahoney et
al., 2014). Most chip seal specifications focus on materials, design parameters and construction
practices, collectively, to ensure the final chip seal surfaces meet design expectations. Other
factors also can influence chip seal specifications, including average daily traffic (ADT),
workmanship, environmental conditions, topographical variations and continuous evaluations
(Guirguis & Buss, 2018).
Performance of chip seal, like any other preservation treatment, is dependent on several
factors. These factors include but are not limited to pre-treatment condition, traffic volume,
performance measures, single versus multilayer application, materials, and different climatic
conditions. Table 4.1 shows the ranges and averages of service life reported by roads agencies
Table 4.1 Chip Seal Performance Life by Various Studies and Locations
Location
U.S.
Ohio
Washington
- Arterial (Urban)
- Arterial (Rural)
- Collector (Urban)
- Collector (Rural)
- Local (Urban)
- Local (Rural)
Texas
Kansas
California

Reported Service Life Averages
or Ranges (Years)
5.76
5.8
7
5-8
5-15
6-10
5-17
6-10
5-10
7
4.1
5-9

Reference
Grasnberg & James 2005
Mahoney et al., 2014
Rajagopal, 2010
Pierce & Kebede, 2015
Pierce & Kebede, 2015
Pierce & Kebede, 2015
Pierce & Kebede, 2015
Pierce & Kebede, 2015
Pierce & Kebede, 2015
Chen et al. 2003
Liu et al., 2010
Cheng et al., 2016
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for chip seal surfaces from various locations provided by different studies where it can be
confirmed that the performance is dependent on aforementioned factors. According to Pierce and
Kebede (2015), a chip seal’s average service life is higher when applied in rural areas where
traffic is predominantly low-volume.
4.1.4 Chip Seal Designs and Warranties
The first attempt to scientifically rationalize a design procedure for chip seal or single
seal coat was performed in New Zealand by Hanson (1935). The study introduced the premise
that a successful chip seal requires a partial filling of voids in the covering aggregate, and that
the volume of these voids is controlled by the average least dimension (ALD) of the aggregate
utilized. The Norman McLeod method emerged in the 1960s and focused on determining the
binder and aggregate application rate to fill the voids between the aggregate to 70% minimum.
The Kearby (1953) method resulted in a nomograph which can provide the binder and aggregate
application rates. This method also provides the asphalt cement rate in gallons per square yard
and includes average mat thickness, percent aggregate embedded, and percentage of voids in
aggregate measured in the lab.
However, due to limitations in the Kearby method concerning traffic and aggregate
toughness properties. Epps et al. (1981) addressed these concerns and provided a modified
Kearby method. According to Texas DOT (2017), the modified Kearby method was adopted by
Texas Department of Transportation (DOT) and is still the formal method utilized when chip seal
surfaces are placed.
Multiple studies highlighted the importance of conducting a preliminary investigation on
emulsions used in chip seals designs and constructions to update specifications (Adams et al.,
2018; Johnston & King, 2008). Other studies extensively emphasize the importance of aggregate
angularity, shape and texture to enhance chip seal specifications, and provide practitioners with a
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rational design method (Zaman et al., 2013). Lee and Kim (2009) provided an update to chip seal
specifications which evolved around a performance-based uniformity coefficient (PUC) concept
to select aggregate gradation. The PUC method addresses bleeding and aggregate loss by
providing practitioners with the steps to select aggregate gradation by selecting a PUC index
closer to zero. The PUC method recommends aggregate gradation that is more uniform to
ultimately improve chip seal performance and decrease the chance of aggregate loss and
bleeding. Collectively, these studies shaped the future of chip seal surfaces and provided
practitioners with the tools and recommendations to ultimately construct chip seal based not only
on experience but also with scientifically proven rationale design methods.
Warranties in chip seal specifications exist merely in the U.S. because of the nature of
treatment among road agencies. However, international roads agencies reported that warranties
are required and enforced in New Zealand, South Africa, U.K., and Australia (Gransberg &
James, 2005). The main reason for measuring chip seal performance in these countries over time
and enforcing the warranty bond is because of the performance-based specification followed,
such as the New Zealand design method. Kim et al. (2018) recommended a one-year warranty
for chip seal contracted in North Carolina and created an acceptance quality characteristic (ACQ)
to discern whether a chip seal section warrants full payment as listed in the following ranges:
a. Full pay if AQC > 90;
b. Partial pay if 60 < AQC < 90; or
c. No pay if AQC < 60.
4.1.5 Pavement Deterioration Models
Bituminous surfaces deteriorate mainly due to environmental effects and traffic.
Therefore, pavement prediction models are essential to calculate performance at the desired time
period for planning purposes (Henning & Roux, 2012). In addition, enhancing pavement
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management system (PMS) by predicting pavement future condition is essential for effective
maintenance and rehabilitation interventions (Alimoradi et al., 2020; Butt et al., 1987). These
prediction models can also be developed using various pavement performance indicators such as
MTD (Buss et al., 2016).
Probabilistic and deterministic models are two broad categories of prediction models.
Deterministic models predict the condition throughout time using a mathematical function of
observed or measured values for independent factors and for the system response (e.g. distress
level) without taking into consideration the uncertainties associated with the deterioration
process. These are a group of modeling approaches that do not consider variations in input
variables. Probabilistic models take uncertainties into account and predict the pavement
condition as the probability of occurrence in a range of possible outcomes (Jalali, 2020).
Deterministic models include regression modeling, and physical-based models such as empirical
and mechanistic-empirical models as well as predictions using artificial neural networks.
Probabilistic models include Markovian models and survival modeling (i.e. duration models).
Macrotexture is one of the most important performance indicators to predict chip seals
performance (Aktas et al., 2013). The authors generated a regression-based macrotexture
prediction model that accounts for parameters such as macrotexture, ALD value of aggregate,
traffic volume, aggregate adhesion properties, construction and ambient variables on chip seal
performance. This model had an R2 of 0.838 that was validated with new raw data that generated
a correlation of R2 0.945. However, the current study differs by the quantity of the data available
and repeated yearly measurements to document MTD over five-years before generating
probabilistic and deterministic prediction equations.
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4.1.6 Performance Measures and Failure Definition
Performance-based specifications rely on one or more performance indicators to quantify
deterioration over time. Chip seal performance-based specification can be applied to estimate the
treatment life by a collectable measure, such as MTD. According to (Gransberg & James, 2005),
no North American highway agency utilizes quantitative MTD measurements to furnish input to
their chip seal design process or to evaluate their chip seal surfaces. Therefore, the scope of the
current study was to investigate the MTD measurements by the sand circle test. Extensive
research for one year on chip seal surfaces in Oregon determined that the mean texture based on
New Zealand chip seal performance is applicable for chip seals (Buss et al., 2016). Furthermore,
international organizations characterize surface texture using the sand circle test TNZ T/3
standard for performing the sand circle test (TNZ, 1981) which is similar to the ASTM E965
sand patch method but has double the volume and coarser sand which are advantages in the field
if any wind or breeze is present during field testing (Gransberg, 2007).
To develop a probabilistic model, a failure threshold had to be defined for the MTD. The
macro texture measurements for chip seal surfaces emerged in the New Zealand chip seal
performance-based P/17 specification by employing the sand circle test. The New Zealand chip
seal design utilizes texture depth to determine how the surface should be divided up to achieve
the optimum matching of application rate to surface. Additionally, the New Zealand method also
determines the coarsest and finest macro texture depth of the road surface to ascertain if the seal
can perform well with the selected application rate. The specification in New Zealand was
developed to be more quantitative when measuring chip seal performance instead of using
empirical methods of evaluation. Furthermore, the P/17 specification states that the texture depth
after 12 months of service life is the most accurate indication of the performance of the chip seal
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for its remaining service life. According to the P/17 specification (TNZ, 2002), an MTD less than
0.9 mm amounts to failure of a chip seal and, thus, was selected for the failure threshold.
4.1.7 Importance of Chip Seal design methods
The chip Seal design method is crucial when choosing the appropriate application rates
and materials for implementing performance-based specifications. Chip seal performance-based
specifications are beneficial for agencies, contractors, and road users. Agencies can check
application rates before, during and after construction, and contractors can apply these
application rates to meet the performance-based specification and receive incentives if
performance exceeds the requirements. The benefits also extend to evaluating chip seal surfaces
post-construction to compare and contrast pre-sealing conditions to post-construction
performance. For example, the New Zealand method when followed requires pre texture
measurement of MTD which influences the application rate to achieve the optimum matching of
application rate to surface texture condition. The MTD can indicate if the surface chip sealed is
performing well or underperforming.
4.1.8 Sand Circle Test and Relation to Specification Updates
Advancing chip seal performance to the next level requires a focus on integrating
performance-driven specifications or warranties that incentivize contractor innovation while
implementing agency best practices to ensure chip seal treatments are applied on good-candidate
roadways. In addition, DOTs can update these specifications to reflect existing pre-seal and postconstruction evaluation techniques. The main purposes of updating and adopting specifications
in the construction of chip seal surfaces are for incentivizing performance to achieve durable
surfaces. The sand circle test can determine the MTD of the chip seal surface which can indicate
if the chip seal is the correct treatment for the selected road, and it can also evaluate chip seal
performance over its service life. Additionally, the sand circle test can be performed with
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certainty by one representative if all traffic safety and control measures are followed and met in
the field. MTD reduction over time is expected on chip seal pavement and a result of change of
aggregate embedment and aggregate wear-out overtime (Seitlari & Kutay, 2018). Pavement
texture is evaluated by texture wavelength. According to Khasawneh et al. (2008), the
microtexture wavelength is less than 0.5 mm and the macrotexture is between 0.5-50 mm, and it
is related to the aggregate size, shape and gradation.
4.2 Research Methodology
4.2.1 Oregon Research Study Details
In this study 14 test sections of chip seal surfaces were constructed and monitored for up
to five years. The principle advantage noted for continuous assessments for a longer-term, such
as 5 years, is that it permits the chip seal surfaces to be exposed to seasonal changes and repeated
loadings. Figure 4.1 depicts the 14 road locations throughout the state of Oregon. There are five
major regions in Oregon which were divided by the Oregon DOT; this research covers four of
the five regions. The sand circle test is the evaluation method utilized to collect the MTD
measurements from these sites. Gransberg (2007) recommended six replicates of MTD
measurements from the road surface, four on the wheel path (OWP) and two between the wheel
path (BWP). However, replicates in this study were 15 points for OWP and 15 BWP for each test
section.
Figure 4.2A shows one segment of the testing in the field, and
Figure 4.2B illustrates the testing plan for each road in this study.
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Figure 4.1 Chip seal test sections across Oregon (ODOT Region Map, 2018)

Figure 4.2 (A) Sand circle patches ready for diameter measurements; (B) Schematic plan for
sand circle test in the field
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Test sections in this study were constructed using three asphalt products: (1) polymer-modified
hot applied asphalt (AC-15P); (2) polymer-modified cationic rapid setting emulsion (CRS-2P);
(3) polymer modified high float rapid setting emulsion (HFE-100-S/HFRS-2P). These three
types of asphalt emulsions are polymer modified to enhance and improve the bitumen and
aggregate adhesion. Table 4.2 clarifies the following criteria for each test section: year of
construction, existing condition before chip seal, annual ADT, and asphalt product used. Chip
seal depends on the material available in close proximity to the construction zone. It is important
to note that existed MTD prior to construction. In this study, the aggregate utilized in this project
are crushed stone granite and gravel. Moreover, all test sections were treated with uniformly
graded aggregate gradations.
Table 4.2 Test Sections Information and Background
Test
Section
Unit A
Unit B
Unit C
Unit D
Unit E
Unit F
Unit G
Unit H
Parkway
Prairie Rd
Heppner
Condon
Sunset Beach
Lewis & Clark

Year of
Construction
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015

MTD Before
Chip Seal
2.04
1.56
1.26
0.81
2.1
2.19
1.64
0.95
1.19
1.28
1.1
1.05
1.21
1.29

Annual
Asphaltic Product
ADT
460
CRS-2P
2300
AC-15P
2900
AC-15P
1280
AC-15P
1345
AC-15P
2650
CRS-2P
670
CRS-2P
690
CRS-2P
2800
AC-15P
5200
AC-15P
1000
HFE-100-S/HFRS-2P
470
HFE-100-S/HFRS-2P
1521
CRS-3P
564
CRS-3P

The proposed MTD deterministic prediction models were found by using second-degree
polynomial equations which were applied to the dataset by utilizing the software JMP. In this
study, 5 years of data were investigated due to the availability of the data. The predicted MTDs
by the deterministic equations are only valid up to 6 years due to the availability of the data.
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4.2.2 Construction Process and Follow-up Performance Monitoring
The asphaltic product is first sprayed on the existing pavement by a distributor, followed
by uniformly applying graded aggregate using chip spreader. Then the aggregates are rolled on
their flat side and compacted by pneumatic-rollers per specifications to achieve the required level
of 70% embedment before the emulsions break. The last construction step before fully opening
the road to traffic is sweeping loose aggregate from the surface to avoid dislodging embedded
aggregates and windshield damages. It is important to note that the sweeping process must not
start until the residual binder is cured to protect embedded aggregate from dislodging (Gransberg
& James, 2005).
The sand circle test is one of the evaluation methods which can characterize and evaluate
chip seal surfaces based on their performance through MTD. It is a volumetric test that is
performed by placing 45 ml volume of sand on the top of the surface. This sand is 100% passing
sieve #30 (0.600 mm) and 100% retaining on sieve #50 (0.500 mm) (TNZ T/3, 1981).
Furthermore, the sieved sand is spread and leveled into circular patches by a hard rubber disk on
the surface. Lastly, the diameter of these sand circles can be obtained in the field, and the MTD
value is calculated by Equation 1. The sand circle test can provide quantitative measures of
substrate surface mean texture condition for pre-seal settings and continuous characterization
through the service life of ship seals (Gransberg, 2007).
MTD = 4 𝑉/µ 𝐷2

(1)

where MTD is mean texture depth (mm), D is average diameter of sand path (cm2), V is volume
of sand used (cm3), and µ is mathematical constant.
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4.2.3 Demonstration Project
The demo construction project is an experiment to examine different application rates of
emulsions and aggregate under new performance-based specification in Oregon. The sand circle
test was performed before construction and up to 12 months post-construction for 12 sections to
measure the change of MTD. These test sections were constructed with emulsion application
rates of 0.38 Gal/yd2 up to 0.48 Gal/yd2 and aggregate application rates from 14.5 lbs/yd2 up to
22 lbs/yd2 as shown in Figure 4.3. The aggregate used throughout the project is 100 percent
crushed basalt aggregate from Oregon with an average least dimension of 0.19 inch. The road
length is 7.5 miles and the width is 23 ft. It is worth noting that, the demonstration project in
Dalles, Oregon will be used in this study to verify the developed models. Table 4.3 presents
information in regards to the demonstration project.

Figure 4.3 Project location in Dalles, Oregon
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Table 4.3 Demo Project Details
Location

Emulsion

Asphalt
Spray Rate
gal/yd2

Aggregate
Application Rate
lbs/yd2

1

HFE-100S/HFRS-2P

0.45

19

2.02

2.07

2

HFE-100S/HFRS-2P

0.38

15

1.99

2.14

3

HFE-100S/HFRS-2P

0.48

20

1.76

1.84

4

CRS-3P

0.50

20

1.93

2.25

5

CRS-3P

0.49

19

1.87

2.17

6

CVRS-2P

0.38

14.5

1.79

1.96

7

CVRS-2P

0.38

14.5

1.76

2.13

8

CRS-3P

0.48

20

2.11

2.18

9

CVRS-2P

0.38

20

1.93

1.85

10

PMCRS-2H

0.48

22

1.69

2.13

11

HFE-100S/HFRS-2P

0.47

19

1.89

2.18

12

HFE-100S/HFRS-2P

0.47

18

1.76

2.02

One year postconstruction
OWP
BWP

4.2.4 Markov Model and Developed MTD Performance Model
The first order Markov probabilistic model (MPM) is used to predict the degradation of
pavement during its service life (Butt et al., 1994). The Markov model is a probabilistic approach
to which pavement engineers and researchers have used to predict future pavement condition
with PCI and IRI databases as well as visual assessments ratings (Alimoradi et al., 2020; Hassan
et al., 2015; Mahmood et al., 2016). Therefore, this study sought to utilize this method to predict
chip seal service life based on statistical analysis correlating pavement performance as indicated
by MTD. The best MTD value in this study is between 4-5 mm and it is the range of expected
performance measurements after construction. MTD decreases after multiple cycles during their
service life. Hence, the MTD is divided into 5 equal state, each state of which is a MTD range
from 0 to 5 by an increment of 1. The cycle in this study for chip seal is defined as 1 year to
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reflect the environmental and traffic impacts. The Markov method consists of the transition
probability matrix (TPM), to find the TPM for Oregon chip seal test sections, measuring the
MTD yearly for 5 years aid in developing these matrixes to establish the TPM. Five matrices
were developed as the data in this study consist of continuous measurements for 5 years of MTD.
To develop each matrix a current state and next state are required as shown in the following
matrices. In this study, the TPM can only remain constant or transfer from a higher level such as
4 to lower rating measurements of 3, 2, 1 or 0. The only scenario is where the MTD can increase
or move to better conditions when another chip seal is performed; however, it was not performed
in this study. The generated matrices for this study provides the Markov probability distribution
for the first 6 years as shown in the last matrix. In addition, highest state probability in each year
is highlighted in boldface to illustrate the deterioration path of Oregon test sections involved in
this study. For instance, at year 3, there is a probability of 0.4079 for the test section to maintain
MTD value between 2-3; however, the highest probability of 0.6331 to be within 1-2. Probability
distribution values for MTD ranges per year is shown in the last Matrix. Figure 4.4A depicts the
estimated MTD performance model based on the Markov probabilistic model for the test
sections in Oregon. Figure 4.4B shows the developed model with 95% confidence intervals.
Figure 4.4C presents the residual which indicates that the developed model can predict the
probabilistic behaviors of chip seal surfaces to high accuracy as the dotted points are closer to
each other at the 12 months evaluation of predicted and measured values from the Dalles project.
The Markov model provides practitioner with the expected MTD value for chip seal project
based on the test section provided in this study. For example, the Markov model probabilistically
indicate that 65.34% of the chip seal MTD will be between 1 and 2 (mm) during year 5, and in
this study it is 1.48 (mm) as shown in Table 4.4.
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(A)

(B)

(C)

Figure 4.4 (A) The estimated MTD performance by Markov model; (B) Markov Model with 95%
confidence intervals; (C) Residual plot for predicted and observed values from the Dalles project
Table 4.4 Predicted MTD During Different Service Period of Chip Seal
Time Frame

Expected MTD (mm) by the Markov Model

One Month

3.544285714

First Year

2.299

Second Year

2.03

Third Year

1.65

Fourth Year

1.62

Fifth Year

1.48
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4.2.5 Deterministic Predictions of MTD
In this research, deterministic predictions models are developed for MTD. Two set of
prediction models are produced in this study. The first set contains three equations of seconddegree polynomial are given in Equations (2-4). These prediction models consist of five and four
independent variables for set 1 and set 2, respectively. The independent variables for the first set
of models are the application rates of aggregate and binder, AADT, pre-construction MTD, and
the number of month to predict chip seal surfaces across the State of Oregon. The dependent
variable in these equations are MTD between the wheel path (BWP), on wheel path (OWP), and
averages (Avg). The second set includes three equations of second-degree polynomial are given
in Equations (5-7). The second set of models consist of four independent variables: ALD value
of aggregate, AADT, Pre-construction MTD, and the number of month to predict chip seal
surfaces based on monthly basis. The dependent variable in these equations are MTD between
the wheel path (BWP), on wheel path (OWP), and averages (Avg).
The purpose of these prediction models are to predict the MTD of chip seal as an
indication of its performance during the service life. According to FHWA (1997) one of the
advantages of utilizing deterministic models is that the adequacy of the prediction model relative
to the actual data can be described by using the coefficient of determination value R2. The R2 is
the proportion of explained variation from the data, the closer the R2 to 1 the better. The R2
values for the produced polynomial equations varied from (0.81-0.83). The goodness of fit of the
prediction models can be inferred from closeness of the points to the diagonal line as shown in
Figure 4.5 (A-C). Furthermore, Figure 4.5 (A-C), shows the performance statistic of the models

when comparing predicted vs. observed values for creating the model. The boundary conditions
of these models are stated in Table 4.5, these boundary conditions limits are based on the data
available from this study. Moreover, the coefficients of produced equations are presented in the
Appendix from Tables A9 to A14.
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Table 4.5 Boundary Conditions Involved for Deterministic Equations
Aggregate
Application Rate
lbs/yd2

Binder Spraying
Rate Gal/ yd2

ALD

AADT

Service Life
Year

Low

17

0.37

0.20

670

1

High

25

0.52

0.25

5000

6

Boundary
Limits

Model Set 1:

MTDOWP = 0.65 + 0.01 Agg + 4.69Bin − 0.03Mn − 0.000086AADT −
C1 (n) × (Agg − 20.12)n +
C2 (n) × (Bin − 0.437)n +
2
0.118PRE(MTD) + ⋯ ∑n=2 C3 (n) × (Mn − 35.37)n +
C4 (n) × (AADT − 1712.77)n +
[C5 (n) × (PRE(MTD) − 1.52)n ]
2
R = 0.82

(2)

MTDBWP = 0.970 - 0.026 Agg + 4.69Bin − 0.035Mn − 0.00006AADT +
C1 (n) × (Agg − 20.13)n +
C2 (n) × (Bin − 0.437)n +
0.388PRE(MTD) + ⋯ ∑2n=2 C3 (n) × (Mn − 35.12)n +
C4 (n) × (AADT − 1705.14)n +
[C5 (n) × (PRE(MTD) − 1.3)n ]
2
R = 0.82

(3)

MTDAvg = 0.60 - 0.013Agg + 5.12Bin − 0.032Mn − 0.00002AADT +
C1 (n) × (Agg − 20.13)n +
C2 (n) × (Bin − 0.437)n +
0.311PRE(MTD) + ⋯ ∑2n=2 C3 (n) × (Mn − 35.12)n +
C4 (n) × (AADT − 1722.74)n +
[C5 (n) × (PRE(MTD) − 1.41)n ]
2
R = 0.82

(4)

110

Model Set 2:
MTDOWP = 6.29 − 17.34ALD − 0.00009AADT − 0.024Mn +
C1 (n) × (ALD − 0.232)n +
C (n) × (AADT − 2162)n +
0.375PRE(MTD)+. . . ∑2n=2 2
C3 (n) × (Mn − 32.69)n +
[C4 (n) × (PRE(MTD)) − 1.6)n ]
2
R = 0.82

(5)

MTDBWP = 2.77 − 0.177ALD − 0.0001AADT − 0.028Mn +
C1 (n) × (ALD − 0.232)n +
C (n) × (AADT − 2222)n +
0.627PRE(MTD)+. . . ∑2n=2 2
C3 (n) × (Mn − 32.02)n +
[C4 (n) × (PRE(MTD)) − 1.18)n ]

(6)

R2 = 0.81
MTDAvg = 4.62 − 9.44ALD − 0.00013AADT − 0.025Mn +
C1 (n) × (ALD − 0.232)n +
C (n) × (AADT − 2162)n +
0.537PRE(MTD) + ⋯. ∑2n=2 2
C3 (n) × (Mn − 32.69)n +
[C4 (n) × (PRE(MTD)) − 1.39)n ]

(7)

R2 = 0.85

4.2.6 Models Verification with the Dalles project
The models developed in this study are verified and tested with the Dalles, Oregon Chip
Seal Project. The aggregate used throughout the project is 100% crushed basalt aggregate from
Oregon with an average least dimension of 0.19 in. The road length is 7.5 mi and the width is 23
ft. The verification processes utilize the inputs from the Dalles project to feed into the developed
models to compare and contrast the measured versus the predicted MTD with r. This correlation
between the measured and fitted values r is calculated by Equation 8. The closer r is to 1, the
better the fit. Figure 4.5 (A-B) depicts the observed values from the Dalles project and the
predicted values for (OWP, BWP, & Average). The results of the r indicate that the developed
models with application rates, ALD, AADT, and Pre-MTD at 12 months have high accuracy
when the values of models when compared with the measured values from the field. It is worth
to note that the Dalles project has an AADT of 820 and aggregate with an ALD of 0.19.
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Therefore, Equations 5-7 are verified with these inputs and their correlation are presented in
Figure 4.6.

𝑟=

𝑛 ∑ 𝑥𝑦−(∑ 𝑥)(∑ 𝑦)

(8)

√𝑛(∑(𝑥 2 )−(∑ 𝑥)2 √𝑛(∑ 𝑦 2 )−(∑ 𝑦)2

(A)

(B)

(C)

Figure 4.5 Verification of developed deterministic model with application rates, AATD, and pre-MTD
at 12 months: (A) MTDOWP predicted Vs MTDOWP Measured, (B) MTDBWP predicted Vs MTDBWP
Measured, and (C) MTD averages predicted Vs MTD averages measured
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Figure 4.6 Verification of developed deterministic model with ALD, AATD, and Pre-MTD at 12 months
for (OWP, BWP, and Average)

4.3 Results and Discussion
This paper proposes two statistical approaches to predict chip seal performance in terms
of MTD as an indicator. Various pavement deterioration models exist for chip seal; however, the
produced Markov model with MTD as an indicator from Oregon chip seal test sections for five
years is the first combination. Two deterministic models are developed in this study to predict
the MTD (OWB, BWP, and Averages). Practitioners with the necessary information to construct
chip seal surfaces will be able to utilize these models to predict chip seal surface life and plan
accordingly. The proposed deterministic models in set 1 can be applied to predict chip seal
surface between the wheel path with high accuracy as the correlation of the predicted and
measured have an r of 0.96. Moreover, the predicted MTDOWP and averages in model set 1 also
provide a reasonably acceptable r of 0.84 and 0.86, respectively. Models set 2 which utilize ALD
as one the independent variables also provided relatively higher accuracy for predicting MTD.
The error bars for models in set 2 showed that the difference between predicted and measured of
OWP and BWP predictions have low variability specially for years 1 and 2.
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The models produced in this paper can be used as preliminary tools for future
investigations of MTD as an indicator of chip seal performance. These models are time
dependent; therefore, they can represent the MTD change in probabilistic and deterministic
manners under environmental and traffic effects. A comparison between the performances of the
probabilistic and deterministic models is presented in an error bar graphical illustrations Figure
4.7 (A-C). The error bars are represented by the median and standard deviation of the difference
between the observed and predicted data as shown in
Table 4.6 to Table 4.8. The results indicate that the two models have high variabilities for
post-construction predictions at one-month but as the model progress these variabilities decrease.
The error bars for models set 1 revealed that the most accurate predictions are for the third year
as the median for the difference between predicted and measured are lowest for OWP and BWP
during for five years as shown in Figure 4.7 (A).
The Markov model developed for this study has low variability because it is a
probabilistic prediction. Overall, predicting MTD with the given independent variables are
acceptable even when the high variability existence at limited occurrences in both models as
shown from Figure 4.7(A-C). Pavement engineers are often concerned of chip seal performance
after number of years compared to the one-month performance. Therefore, these models can be
applied to determine if preventive maintenance or another chip seal is needed.
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(A)

(B)

(C)
Figure 4.7 Comparison of error-bars for prediction models versus experimental: (A)
Deterministic Model set 1, (B) Deterministic Model set 2, and (C) Markov Probabilistic Model

Table 4.6 Median and Standard Deviation for Differences Between Measured and Predicted
Data in Model Set 1

Time

Deterministic Model Set 1
OWP
Standard
Median
Deviation

Deterministic Model Set 1
BWP
Standard
Median
Deviation

One Month

0.264

0.390

0.238

0.390

One Year

0.277

0.394

0.191

0.274

Two Year

0.244

0.264

0.134

0.187

Three Year

0.065

0.213

0.093

0.152

Four Year

0.273

0.233

0.147

0.149

Five Year

0.188

0.182

0.097

0.114
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Table 4.7 Median and Standard Deviation for Differences Between Measured and
Predicted Data in Model Set 2

Time
One Month
One Year
Two Year
Three Year
Four Year
Five Year

Deterministic Models Set 2
OWP
Standard
Median
Deviation
0.335
0.372
-0.051
0.271
-0.215
0.234
0.311
0.540
0.309
0.518
-0.081
0.287

Deterministic Model Set 2
BWP
Standard
Median
Deviation
0.384
0.515
0.033
0.237
-0.402
0.340
0.206
0.382
0.306
0.394
-0.148
0.324

Table 4.8 Median and Standard Deviation for Differences Between Measured and
Predicted Data in the Markov Model

Time
One Month
One Year
Two Year
Three Year
Four Year
Five Year

Markov Model Probabilistic
OWP
Standard
Median
Deviation
0.318
0.299
0.112
0.133
0.202
0.283
0.189
0.217
0.179
0.194
0.199
0.219

4.4 Conclusion
Most agencies rely on experience to perform preventive maintenance of chip seal
surfaces rather than measurement of the macrotexture. The methodology presented in this paper
can help benchmark performance to measurable performance in the field which can, in turn, help
incentivize contractor innovation to enhance performance. One of the techniques that can be used
to assess the performance of chip seal surfaces is Macro Texture Depth (MTD). The aim of this
research work was to develop predictive models capable of estimating MTD so that practitioners
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can ascertain their bituminous surface’s performance and plan accordingly. Although the study
focused on MTD estimates for the state of Oregon, the framework adopted could potentially be
applied to any states with chip seal surfaces. Data of MTD in the wheel path and between the
wheel path were first obtained from 14 test sections in the state of Oregon. The data were
monitored up to five years and referenced in this work, including the original rates of aggregate
and binder, AADT, and ALD values, involved to construct the test sections. After analyzing the
data, MTD was estimated using probabilistic and deterministic approaches. This research
employed the probabilistic model of Markov, which seemed to predict the MTD reasonably. In
addition, second-degree polynomial equations were proposed to estimate the MTD
deterministically within an acceptable margin of errors. The major conclusions of this study can
be summarized as follows:
1. Markov probability model indicated that chip seal surfaces could last 12 to 14 years.
However, to extend the chip seal's service life, it is recommended to apply another layer
between 8 to 10 years based on the produced deterioration curve.
2. Equations for estimating MTD in the wheel path and between the wheel path, involving
application rates of aggregate and binder were predicted, aiming at rapid assessment for
chip seal surfaces’ performance.
3. MTD results obtained from the Markov probability model and the predicted equations
show that the performance of chip seal surfaces at early service life has high variability.
As the models progress, this variability decreases.
4. Future research should pay particular consideration to reduce the variability towards a
combination of application rates of binder and aggregate in modeling and verifications
aimed at predicting MTD for chip seal surfaces.
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CHAPTER 5.

GENERAL CONCLUSION

The goal of this study was to investigate preventive maintenance techniques mainly Otta
seal and Chip seal. An Otta seal road segment of 4.53 km (4 mi) was constructed for the first
time in Cherokee County, IA. The road segment included test sections to investigate
performance of Otta seal with different application rates of binder and aggregate. Postconstruction evaluations of Otta seal were conducted for up to one-year. These evaluations
included visual inspections, international roughness index, light weight deflectometer,
dustometer and loose aggregate tests at different construction and service periods. Furthermore, a
case study about Ohio chip seal surfaces was performed and analyzed thoroughly. Lastly,
investigation of moving chip seal from method-based to performance-based treatment was
applied and investigated. These test sections were constructed in 2014 and 2015 to build a
database of macrotexture changes over five years. The database enabled generation of prediction
models to estimate macrotexture depth probabilistically and deterministically. These prediction
models were statistically verified with a test section built in 2019 and its macro texture up to one
year aided to verify the accuracy of these models.
5.1 Findings
The major findings of this research were:


Otta seal design should follow the design guide (Overby, 1999), with gradation being the
most critical property for aggregate selection. The allowed aggregate gradation limits
vary widely, and the type selected should fall within the specific limits. Use of extra fine
aggregate content is of concern because it could lead to considerable fugitive dust
emissions and relatively larger amount of loose aggregates from and on the Otta seal
surface.
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The specified binder types are all cutback asphalt in the original Otta seal design guide,
however, because of concerns with the use of cutback asphalt in the U.S.A., asphalt
emulsion was used to construct Otta seal. To account for this change, the recommended
binder spray rate in the design guide (Overby, 1999) should be modified on the basis of
asphalt content in the emulsion. The amount of asphalt per unit volume of emulsion
should be equal to the equivalent amount recommended in the design guide. In this study,
the applied spray rate of binder for both layers was increased to 2.26 L/m2 (0.50 gal/yd2).



Otta seal can be constructed with graded aggregate and construction equipment, which
are similar to what most agencies and contractors already have.



The Otta seal project in Cherokee County, IA enabled more county engineers to observe
and implement Otta seal on their low-volume roads.



The moisture content of aggregates should be critically monitored before construction to
prevent any chance that a portion of the spreader head could be clogged by wet aggregate
particles during construction of Otta seal or chip seal.



As identified by local agencies in Ohio, the most critical factors determining service life,
were: condition of the original road (32%), condition of the underlying structure (25%),
and quality of chip seal (22%).



Updating chip seal specification to meet local agencies needs will enable local agencies
to utilize chip seal under controlled standards with their available resources.



Chip seal construction is a multifaceted approach that involves independent testing and
several QC processes.
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The models presented in this dissertation research can help benchmark performance to
measurable performance in the field which can, in turn, help incentivize contractor
innovation to enhance performance.



The Markov probability model indicated that chip seal surfaces could last 12 to 14 years.
However, to extend the chip seal's service life, it is recommended to apply another layer
between 8 to 10 years based on the produced deterioration curve.



MTD results obtained from the Markov probability model and the deterministic models
show that the performance of chip seal surfaces at early service life has high variability
and as the models progress, these variability decrease
5.2 Contributions to the Literature
Chapter 2 of this dissertation, “Design, Construction, and Preliminary investigation of

Otta Seal in Iowa,” elaborated the techniques that were used and followed in Nordic countries to
place Otta seal as a preventive maintenance treatment for roadways in the U.S. Furthermore, the
chapter also investigated Otta seal over HMA surface. The evaluation techniques involved visual
inspections, international roughness index, light weight deflectometer, dustometer and loose
aggregate tests at different construction and service periods. These evaluation methods
performed on Otta seal surfaces in Iowa indicated that Otta seal surfaces can provide an
economical and durable alternative bituminous surface treatment for low-volume roads to ensure
safe roadways for public usage. As result of this study, various counties’ engineers in Iowa
showed interest in implementation of Otta seal. Three counties in Iowa placed Otta seal over 20miles after witnessing one-year post construction performance of Otta seal: Buchanan, Louisa,
and Ringgold. It is hoped that other public road agencies consider this special treatment when an
appropriate aggregate for chip seal is not available.
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Chapter 3 of this dissertation, “Investigation of Adapting State-Level Pavement
Preservation Specifications to Meet Local Agency Needs: Case Study of chip Seals in Ohio,”
thoroughly studied chip seal through distributing survey among local agencies in the state of
Ohio. This survey included questions involved the assessment of chip seal construction practices
and post-construction roadway performance. This chapter also included a comprehensive
comparison of existing chip seal standards in the U.S. up to the date of this dissertation
publication. The comparisons included chip seal quality assurance and performance criteria and
standards as well as specifications concerning aggregate, binder, and construction among local
agencies, state level, and nationwide. Furthermore, this chapter revealed the DOT’s
responsibility for updating pavement preservation specifications should consider resources
available to smaller, local agencies and try to better meet their needs. Low-volume road
engineers also can tailor a specification and adjust the specification based on their resources and
needs to meet public satisfaction.
Chapter 4 of this dissertation, “Development of Probabilistic and Deterministic
Prediction Models for the widely applied Preservation Treatment: chip Seal,” is based on the
interests of Oregon DOT officials to investigate adapting the New Zealand chip seal performance
specification for their roadways which have resulted in collecting MTD data for 5 years since
2014 as a performance indicator. The database available to this study enabled further
investigation of chip seal deterministically and probabilistically. The models produced in this
chapter are the Markov model with MTD data for the first time ever, and two sets of
deterministic equations to predict MTD of chip seal during it is service life. The main difference
between the two sets are ALD and application rates of aggregate and binder. The models are also
verified using statistical concepts. These deterministic and probabilistic models and methods
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given in this chapter can be applied in the future to chip seal or other surface treatments with
available data.
5.3 Recommendations for Practice
The chapters presented in this dissertation illustrate the need to move preventive
maintenance specifications from method-based to performance-based specifications. The
transition needs wide constructive research and analysis by researchers to review existing
specifications. A major recommendation is to involve personnel in local agencies as their
valuable experience and knowledge regarding construction practices and material selection are
crucial for the success of preventive maintenance specifications. It is also recommended that
future work should be conducted closely with researchers from one of the respective universities
to involve scientists and practitioners under DOT’s supervision. Recent research by Oregon DOT
to move chip seal from method-based to performance-based testing showed high interest of
contractors and suppliers to work closely with researchers from Iowa State University.
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APPENDIX. ADDITIONAL DATA TABLES
Table A1. Measured MTD Values in the Wheel Path and Between the Wheel Path Pre-Construction
Condition: Month 0

Month

OWP

BWP

Average

0
0
0
0
0
0
0
0
0
0
0
0
0
0

2.02
1.21
1.30
0.88
2.29
2.17
1.98
1.07
1.31
1.44
1.21
1.22
1.78
1.39

2.06
1.91
1.22
0.74
1.90
2.21
1.30
0.82
1.07
1.13
0.99
0.89
0.64
1.20

2.04
1.56
1.26
0.81
2.10
2.19
1.64
0.95
1.19
1.28
1.10
1.05
1.21
1.29

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48

Table A2. Measured MTD Values in the Wheel Path and Between the Wheel Path for 1 Month
Post-construction and Application Rates of Aggregate and Binder: Month 1

Month

OWP

BWP

Average

1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.71
3.51
3.46
3.95
4.61
3.97
3.85
3.90
3.45
2.60
2.60
2.72
3.37
3.83

4.21
4.04
3.17
4.87
4.47
4.08
3.63
4.89
3.95
3.58
3.14
3.06
3.09
4.33

3.96
3.78
3.31
4.41
4.54
4.02
3.74
4.39
3.70
3.09
2.87
2.89
3.23
4.08

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48
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Table A3. Measured MTD Values in the Wheel Path and Between the Wheel Path for One Year
Post-construction and Application Rates of Aggregate and Binder: Month 12

Month

OWP

BWP

Average

12
12
12
12
12
12
12
12
12
12
12
12
12
12

3.71
3.51
3.46
3.95
4.61
3.97
3.85
3.90
3.45
2.60
2.60
2.72
3.37
3.83

4.21
4.04
3.17
4.87
4.47
4.08
3.63
4.89
3.95
3.58
3.14
3.06
3.09
4.33

3.96
3.78
3.31
4.41
4.54
4.02
3.74
4.39
3.70
3.09
2.87
2.89
3.23
4.08

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48

Table A4. Measured MTD Values in the Wheel Path and Between the Wheel Path for Two Years
Post-construction and Application Rates of Aggregate and Binder: Month 24

Month

OWP

BWP

Average

24
24
24
24
24
24
24
24
24
24
24
24
24
24

2.04
2.60
1.90
1.90
2.38
1.70
1.50
1.91
2.23
1.47
1.27
0.88
1.35
1.94

2.34
2.88
2.36
2.17
2.62
2.24
2.16
2.46
2.34
1.93
1.39
1.09
1.57
1.91

2.19
2.74
2.13
2.03
2.50
1.97
1.83
2.19
2.29
1.70
1.33
0.98
1.46
1.92

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48
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Table A5. Measured MTD Values in the Wheel Path and Between the Wheel Path for Three Years
Post-construction and Application Rates of Aggregate and Binder: Month 36

Month

OWP

BWP

Average

36
36
36
36
36
36
36
36
36
36
36
36
36
36

1.82
2.30
1.77
1.77
2.33
1.61
1.39
1.84
2.17
1.44
1.20
0.86
1.19
1.87

2.16
2.64
2.31
2.22
2.51
2.09
2.02
2.20
2.28
1.75
1.29
0.98
1.41
1.29

1.99
2.47
2.04
1.99
2.42
1.85
1.71
2.02
2.23
1.60
1.25
0.92
1.30
1.58

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48

Table A6. Measured MTD Values in the Wheel Path and Between the Wheel Path for Four Years
Post-construction and Application Rates of Aggregate and Binder: Month 48

Month

OWP

BWP

Average

48
48
48
48
48
48
48
48
48
48
48
48
48
48

1.59
2.01
1.64
1.64
2.28
1.51
1.29
1.76
2.11
1.42
1.14
0.84
1.04
1.80

1.97
2.39
2.27
2.27
2.40
1.93
1.89
1.93
2.22
1.57
1.19
0.87
1.25
1.49

1.78
2.20
1.95
1.95
2.34
1.72
1.59
1.85
2.17
1.49
1.16
0.86
1.14
1.65

Aggregate
(lbs./Yd2)
25
21.5
16.4
16.4
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.48
0.48
0.45
0.45
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48
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Table A7. Measured MTD Values in the Wheel Path and Between the Wheel Path for four Years
Post-construction and Application Rates of Aggregate and Binder: Month 60

Month

OWP

BWP

Average

60
60
60
60
60
60
60
60
60
60

2.23
1.42
1.18
1.68
2.05
1.39
1.07
0.81
0.88
1.73

2.30
1.78
1.75
1.67
2.17
1.38
1.09
0.77
1.10
1.70

2.26
1.60
1.46
1.68
2.11
1.39
1.08
0.79
0.99
1.71

Aggregate
(lbs./Yd2)
23
20
20
21.2
21.2
20
19
19
18
21

Binder
(Gal/Yd2)
0.52
0.4
0.41
0.5
0.5
0.37
0.36
0.37
0.375
0.48

Table A8. Percent change from year 1 to year 5

Time
MTD Value
Percent of Data (%)
Time
MTD Value
Percent of Data (%)
Time
MTD Value
Percent of Data (%)
Time
MTD Value
Percent of Data (%)
Time
MTD Value
Percent of Data (%)
Time
MTD Value
Percent of Data (%)

0-1
0
0-1
0
0-1
0
0-1
7.142857
0-1
7.142857
0-1
20

1- Month
1-2
2-3
0
14.28
12- Month
1-2
2-3
0
92.85714
24-Month
1-2
2-3
50
50
36-Month
1-2
2-3
57.14286
35.71429
48-Month
1-2
2-3
64.28571
28.57143
60-Month
1-2
2-3
60
20

3-4
50

4-5
35.71

Sum
100

3-4
7.142857

4-5
0

Sum
100

3-4
0

4-5
0

Sum
100

3-4
0

4-5
0

Sum
100

3-4
0

4-5
0

Sum
100

3-4
0

4-5
0

Sum
100
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Table A9. Regression coefficients of Equation (2)
1
1
1
1
1

C (n)

C1

C2
C3
C4

2
9.5E-3
10.70
5E-3
3E-8

Predicted RMSE=0.3924 P-Value < 0.0001

Table A10. Regression coefficients of Equation (3)
C (n)

C1

C2
C3
C4
C5

1
1
1
1
1
1

2
0.012
6.60
4.2E-4
1E-8
0.085

Predicted RMSE=0.4138 P-Value < 0.0001

Table A11. Regression coefficients of Equation (4)
C (n)

C1

C2
C3
C4
C5

1
1
1
1
1
1

2
0.011
10.91
4.5E-4
3.16E-8
0.051

Predicted RMSE=0.3767 and P-Value < 0.0001

Table A12. Regression coefficients of Equation (5)
C (n)

C1
C2
C3
C4

1
1
1
1
1

2
358.48
1.26E-8
6E-4
0.233

Predicted RMSE = 0.2742 and P-Value < 0.0001
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Table A13. Regression coefficients of Equation (6)
C (n)

C1
C2
C3
C4

1
1
1
1
1

2
490
3.7E-8
6E-4
8.6E-2

Predicted RMSE = 0.2939 P-Value < 0.0001

Table A14. Regression coefficients of Equation (7)
C (n)

C1
C2
C3
C4

1
1
1
1
1

2
238
1.33E-8
4.5E-4
3.39E-1

Predicted RMSE = 0.3147 and P-Value < 0.0001

