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ABSTRACT

According to a recent report, 16.4% of Canadian roads are in a poor or very poor condition.
This means 146,255 km of the Canadian roads are either unfit for service or are approaching
the end of their service life. The roads in these conditions require immediate action to restore
their serviceability. One of the plausible techniques that could be applied to restore the
serviceability of roads in poor or very poor conditions is full-depth reclamation (FDR). Full
depth reclamation is a type of pavement cold in-place recycling in which the existing old and
deteriorated pavement is pulverised, treated with appropriate stabilizer and compacted to form
a strong base layer. In Canada, the stabilizers commonly used in the FDR process are asphalt
emulsions, foamed asphalt, and Portland cement. Hydraulic road binders (HRB), however,
are alternative cementitious stabilizers that can be used in full-depth reclamation process with
some better attributes than Portland cement. The main objectives of this research are
characterisation and impact assessment of fully reclaimed pavement materials treated with
HRB. The study was conducted in the form of comparative assessment by using reclaimed
materials treated with General Use (GU) cement as control mixes. Four types of reclaimed
materials and four types of cementitious binders, including GU cement, were used to make
sixteen different mixes. Characterisation and performance tests were conducted to understand
the behaviour of the mixtures under static and dynamic loadings. Besides, life-cycle
assessment was conducted to investigate the environmental impacts of the different
cementitious binders. The findings of the study indicate that HRB, of the type used in the
study, can be used in full-depth reclamation process without compromising the strength and

durability of the mixtures. However, not all HRB substantially reduce the environmental



impacts and energy requirements. Among the binders used in the study, the HRB with the

lowest C/S ratio can significantly reduce the global warming potential.
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1. INTRODUCTION
1.1. Preface

The thesis is composed of the contents of one published and two yet unpublished journal
articles along with introductory and concluding chapters. The first article, which was
published in the Journal of Construction and Building Materials presents the characteristics
of full-depth reclaimed pavement materials treated with hydraulic road binders. In this article,
the mechanical properties of fully reclaimed pavement materials treated with hydraulic road
binders were investigated and compared with the corresponding properties of the same
materials treated with General Use (GU) cement. The findings on the journal can be used to
understand how hydraulic road binders affect the mechanical properties of stabilized full-
depth reclaimed pavement materials. In the second paper, which was submitted to the Journal
of Construction and Building Materials, the fatigue behaviour of fully reclaimed pavement
materials treated with cementitious binders (FRPMC) was presented. In this paper, the
behaviour of FRPMC under repeated loading was studied using phenomenological and
energy-based approaches. The study was conducted based on the results of four-point bending
test. The findings of the study can be used to assess how hydraulic road binders affect the
fatigue performance of FRPMC. The fatigue performance models in this article can be used
to design semi-rigid pavement with FRPMC layer. The third paper was submitted to the
Journal of Road Materials and Pavement Design. It presents how the use of hydraulic road
binders affects the life cycle impacts of full-depth reclamation. The second and third articles

are still under the review process.



The study presented in this thesis was conducted under the supervision of Prof.
Hassan Baaj and Prof. Susan Tighe. The research was funded by the Natural Science and
Engineering Research Council of Canada (NSERC) and Lafarge Canada Inc. Tim Smith and
Steve Zupko have participated in the first paper by reviewing the contents and indentifying
areas for improvement. Professor Goretty Dias has participated in the third paper by reviewing
and providing feedbacks. All the materials in the composition of the original articles provided
in the thesis are the sole production of the primary investigator listed as the first author in the
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1.2. Motivation

According to a recent report (1), 16.4% of Canadian roads are in a poor or very poor condition.
This means 146,255 km of the Canadian roads are either unfit for service or are approaching
the end of their service life. The roads in these conditions require immediate action to restore

their serviceability.

One of the plausible techniques that could be applied to restore the roads in poor or
very poor conditions is full-depth reclamation. Full-depth reclamation (FDR) is a sustainable
rehabilitation technique which has become popular over the last three decades. It is a type of
pavement cold in-place recycling in which the existing old and deteriorated pavement is

pulverised, treated with appropriate binding agent, and compacted to form a strong base layer.

The binding agent that is used in FDR could be asphalt emulsions, foamed asphalt,
or Portland cement. The FDR materials that are treated with bituminous stabilizers (asphalt

emulsion and foamed asphalt) are flexible and have a good fatigue resistance. However, they



are more vulnerable to moisture induced damage compared to the Portland cement treated
FDR materials. The materials treated with Portland cement often characterized by a good
moisture resistance, high early strength and better resistance to traffic induced deformation
(2,3). However, the manufacturing of Portland cement generates huge amount of
anthropogenic emissions with adverse environmental impacts. Studies indicate that
approximately 5% of the global anthropogenic carbon dioxide (CO2) emissions are generated
from cement manufacturing (4—6). Besides, during the full-depth reclamation process, the
allowable time gap between the mixing and compaction operations is very short. After the
cement is mixed with water and the pulverised pavement material, the mixing and compaction

activities should be completed within two hours (7) .

The potential alternative stabilizers that could mitigate the problems associated with
Portland cement are hydraulic road binders. Hydraulic road binders (HRB) are factory made
blends that are specifically designed for application in road and rail bases, sub-bases, capping
layers, soil stabilization and soil improvement. Hydraulic road binders contain substantial
amount of supplementary cementitious materials (SCM) such as granulated blast furnace slag,

fly ash, natural pozzolanas, calcined natural pozzolanas, burnt shale, and limestone (8,9).

The presence of such silica-rich SCM in hydraulic road binders changes the
composition of the calcium silicate hydrate (C-S-H) by reducing the Calcium/Silicate (C/S)
ratio. Most SCM are characterized by lower C/S ratio compared to Portland cement as SCM
contain less calcium. As a result, hydrates of SCM are different from that of Portland cement.
This difference in the composition of hydration products affects the strength and durability of
HRB mixtures (10). Blending SCM into Portland cement also influences water demand,

setting time, heat evolution and pore structure (11) of the binders. Consequently, the
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properties of HRB mixtures could be different from the properties of Portland cement

mixtures.

Currently, the use of hydraulic road binders in full-depth reclamation processes is
not common in Canada. The properties of mixtures treated with hydraulic road binders were
not well documented. There are no pavement design and performance prediction models
specifically established for HRB mixtures. The environmental influence of HRB mixtures
was also not studied under the Canadian conditions. This study was initiated with the
motivation of addressing these gaps and evaluating the viability of HRB for application in

FDR process in Canada.

1.3. Research Hypotheses and Objectives

Partial replacement of Portland cement clinker with SCM is one of the proposed innovative
approaches to reduce the CO> emissions due to cement manufacturing (4,6,12). Production of
Portland cement clinker is a resource and energy intensive process and the major source of
greenhouse gas emissions (13). SCM, on the other hand, are materials that are often obtained
in the form of industrial by-products or as natural material that do not require intensive

industrial processing (10,11).

Studies indicate that the CO; emissions can be reduced by 5% - 20% by applying
the partial replacement approach (6,14). Based on this premise, the amount of CO2 emissions
due to the manufacturing of HRB could be lower than that of Portland cement as HRB contain
substantial amount of SCM. This leads to the assumption that the environmental impact of

HRB mixtures is less than the impact of Portland cement mixtures.



The hydration of cementitious binders with multiple components is influenced by
the hydration of the main components (11). Accordingly, the rate of hydration of HRB
mixtures could be normal or slow depending on its prominent constituent. However,
regardless of the binders composition, mixtures with the desired strength can be attained with
proper mix design (11). Also, binders containing SCM have better chemical resistance to
aggressive solutions (11). Therefore, the use of HRB might not have negative influence on

the strength and durability of mixtures.

The main hypotheses of the research can be summarized as:

i. HRB can substitute Portland cement as stabilizer in full depth reclamation without
compromising mixture performance.

ii. Using hydraulic road binders in the FDR process can reduce environmental impacts.

To test the research hypotheses, the optimum compositions of HRB mixtures should be
identified, the mechanical properties of HRB mixtures should be characterised and the
behaviour of the compacted mixtures should be studied under static and dynamic loading
conditions. Furthermore, comparative life-cycle assessment should be conducted to assess the
environmental impacts and compare with the base-case scenario. Therefore, the main

objectives of the research are:

i.  To characterize the properties of FDR mixtures treated with HRB.
ii.  To study the response of HRB treated FDR mixtures to repeated loading.

iii.  To develop empirical models and calibrate performance prediction models that can be
used for pavement design

iv.  To identify the influence of HRB on the environmental impacts of FDR mixtures.



2. BACKGROUND
2.1. Hydraulic Road Binders

According to the British Standard, BS 6100 (15), hydraulic binder is defined as a binder that
sets and hardens by chemical interaction with water and is capable of doing so under water.
The same definition is given to hydraulic cement in ASTM C 219 (16). Thus, hydraulic binder
and hydraulic cement are the same terms that can be used interchangeably. Hydraulic road
binders are a type of hydraulic binder that are specifically designed for road construction (17).
They are factory produced materials that are made for direct use in roadbases, sub-bases,

capping layers, and for soil stabilization or soil improvement (8,9).

Hydraulic road binders have different composition and properties than the standard
classic cements. The main ingredients of hydraulic road binders can be chosen among
Portland cement clinker, granulated blastfurnace slag, natural pozzolanas, thermally activated
clays and shales, fly ash, burnt shale, and limestone. Inorganic natural materials and inorganic
mineral materials derived from the clinker production process can also be added in a
proportion not exceeding 5% by mass of the total mixture. Further, calcium sulfate (in the
form of gypsum, hemihydrate or anhydrite) and other additives can be incorporated to
improve the properties of the hydraulic road binders. The amount of additives shall not exceed
1% by mass of the binder (18). There is no fixed composition formula that is suggested for
combining these materials except that the amount of Portland cement clinker should at least
be 20% for higher strength class HRB (HRB with 28 days strength of 22.5 MPa and 32.5

MPa) (18). Because HRB contain significant proportion of the supplementary cementitious



materials other than clinker, the cost of hydraulic road binders is generally lower than the cost

of Portland cement.

According to the European Standards (8,9), hydraulic road binders are classified into
fast-hardening and normal-hardening based on their setting times. Each of these classes is
further divided into four depending on their compressive strength. The fast-hardening
hydraulic road binders are designated as E2, E3, E4, and E4 RS; whereas the normal-
hardening hydraulic road binders are designated as N1, N2, N3, and N4. The minimum initial
setting time of E2, E3, and E4 class HRB is 90 minutes; however, the initial setting time of
E4 RS shall be less than 90 minutes. On the other hand, for each of the four classes of the
normal-hardening HRB, the minimum initial setting time is 150 minutes (8,9,17). The
strength requirements of the fast-hardening and normal-hardening hydraulic road binders are
shown in Table 2.1 and Table 2.2, respectively. In North America, there is no standard
equivalent to the European standard that had been developed for hydraulic road binders. This
could be because of the limited use of hydraulic road binders in the North American road

industry.

Table 2.1 Strength Requirements for Fast-Hardening HRB

Compressive Strength (MPa)

Mechanical Classes 7 days 28 days
Minimum Minimum Maximum
E2 5.0 12.5 32.5
E3 10.0 22.5 42.5
E4 16.0 32.5 52.5
E4 RS 16.0 325 —




Table 2.2 Strength Requirements for Normal-Hardening HRB

Mechanical Classes Compressive Strength at 56 days (MPa)
Minimum Maximum

N1 5.0 22.5

N2 12.5 32.5

N3 22.5 42.5

N4 32.5 52.5

2.1.1 Manufacture of Hydraulic Road Binders

The hydraulic road binders used in this study are proprietary products manufactured by
blending General Use (GU) cement or Portland-Limestone (GUL) cement with SCM. The
SCM need to be ground to a powder form (unless it is naturally in powder form) before
blending with the GU/GUL cement. Then the GU/GUL and the selected SCM are blended at

the predetermined proportions in a blender. The manufacturing steps of HRB are shown in

Figure 2.1.

B | — | ’ Dry Mixing,
Raw Mate;nals Raw Matgrlals . Grinding and
Extraction Crushing ‘ Blending

. i

| Cooling ‘47 Kiln <7| Preheating

: —1 Gypsum o . SCM
’ Storage }—» Finish Grinding |~ Blending

Limestone

HRB i

Packaging and
Storage

Figure 2.1 Manufacturing steps of Hydraulic Road Binders
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2.1.2 Chemical Reactions

The supplementary cementitious materials, which are ingredients of HRB, are composed of

pozzolans. Pozzolans are siliceous or siliceous and aluminous materials that have little or no

cementing property naturally, but react with calcium hydroxide to form compounds

possessing cementing property (19). Thus, when a hydraulic road binder interacts with water

two types of reactions take place. First, the components of the Portland cement undergo

hydration reaction and form hydrated calcium silicate (C-S-H) and calcium hydroxide (lime).

Then, the lime from the first reaction activates the pozzolans in the HRB and pozzolanic

reaction takes place to form C-S-H. C-S-H is the important compound of the chemical

reaction that contributes to the strength of the cementitious products. The hydration reaction

of the Portland cement components and the pozzolanic reactions, which take place when

HRB interacts with water are shown in Eq. (2.1) — Eq. (2.3) and Eq. (2.4) — Eq. (2.7),

respectively (20) .

Hydration reaction

(Ca0);3 Si0, + H,0 - (Ca0), (Si0y), (H,0), + Ca(0OH),
(Ca0), Si0, + H,0 - (Ca0), (Si0y), (H,0), + Ca(0H),
(Ca0)3 Al,05 + H,0 - (Ca0), (Al,03), (H,0),

(Ca0)4 Al,05 Fe,03 + H,0 — (Ca0), (Al203)y (Fe;03), (H,0),,

Pozzolanic reaction
Ca(OH), + Si0, — (Ca0), (SiOZ)y (H,0),
Ca(OH), + Al,0;+ H,0 — (CaO0), (Al203)y (H,0),

Ca(OH), + Al,05 + Fe, 03 + H,0 — (Ca0), (Al,03),, (Fe,03),(H,0),,

2.1)
(2.2)
(2.3)

(2.4)

(2.5)
(2.6)

2.7)



2.2. Full-Depth Reclamation

The process of recovering and re-using of materials from the existing pavement without
heating the materials to produce a rehabilitated pavement is termed as cold recycling. Cold
recycling can be performed either in-plant or in-place (21,22). Full depth reclamation is a type
of pavement cold in-place recycling in which the existing old pavement is pulverised, blended
with a stabilizer, and compacted to form a strong base layer. In the FDR process, the surfacing
layer is pulverised along with partial or full depth of the underlying pavement layers. The
pulverisation could extend beyond the pavement structural layers to include certain portion of
the subgrade material. The reclaimed materials are often treated with stabilizers for improved
performance. The Asphalt Recycling and Reclaiming Association (2) defined full-depth

reclamation as:

“a pavement rehabilitation technique in which the full flexible pavement section and a
predetermined portion of the underlying materials are uniformly crushed, pulverised or
blended, resulting in a stabilised base course; further stabilization may be obtained

through the use of available additives.”

Full-Depth Reclamation is particularly a preferred method of rehabilitation when the
existing pavement is highly deteriorated and requires 15%-20% patching; when the pavement
problems are associated with the underlying layers; and when the pavement is found to be
structurally inadequate to sustain the existing and future traffic volume (7). After the FDR
process, the existing deteriorated pavement will be converted into new structurally sound base
layer. As a result, provision of only thin bituminous wearing course or surface treatment over

the FDR base would be adequate (2).
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Over the past three decades, full depth reclamation has gained popularity and
implemented in various provinces and states of Canada and USA. Some of these include
Ontario, Quebec, Saskatchewan, Georgia, Kansas, Louisiana, Maine, Nevada, Texas, Utah,

and Wisconsin. (23-25).

2.1.3 Common Stabilizers in FDR Process

In the FDR process, the reclaimed materials are often treated with various types of stabilizers
to improve their strength and durability. The most commonly used stabilizers in FDR projects
are Portland cement, asphalt emulsions and foamed asphalt (also known as expanded asphalt).
The way these stabilizers interact with the reclaimed materials to impart their stabilizing
function is different. Each of these stabilizers has their own merits and demerits over each
other as discussed in the following subsections. The choice of appropriate stabilizer for FDR
project depends on the cost, availability, and previous performance of the stabilizer; and the

type of the reclaimed material (2,26).

o Asphalt emulsions

The type of asphalt emulsions that are commonly used for full-depth reclamation are medium
setting and slow setting asphalt emulsions. Emulsions are usually composed of 60% bitumen
and 40% water. When blended with the reclaimed materials, the asphalt emulsion coats the
coarser fractions, which eventually bind to the finer fractions to form a stable layer. The
typical application rate of emulsified asphalt by weight of the FDR material is 5%. The
application rate may need to be lowered to 3%-4% if the reclaimed material contains thick

asphalt layer (27-29).
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The emulsion treated FDR base is flexible with improved resistance to fatigue
cracking. However, the emulsion treated materials require long time to cure and acquire full
strength. Besides, when applied to moist materials, the moisture content of the mixture may
go beyond the optimum and become difficult to compact. Further, asphalt emulsions may cost
more than foamed asphalt due to their additional manufacturing cost. These are the major

limitations of using emulsified asphalts in full depth reclamation process (2,26,30).

e Foamed asphalt

The use of foamed asphalt has increased following the invention of improved and safe
foaming equipment. The asphalt is made to foam by introducing a small amount of water,
typically 2% by mass, to a hot asphalt. The foaming of the asphalt facilitates the mixing of
the normal grade bitumen with the cold reclaimed materials. When applied to the reclaimed
material, the minute asphalt on the foam stick to the finer fractions to form a mastic that binds
the coarser fractions together. The typical range of the application rate of the expanded asphalt
in full-depth reclamation is between 3% and 5%. Reduced application rates of 2%-3% could

be feasible when the reclaimed material contains thick asphalt layers (2,26).

Most of the limitations of the emulsified asphalt can be overcome by using foamed
asphalt. As the foaming of the asphalt can be performed on the site, there is no manufacturing
cost attached to the foamed asphalt. Thus, the cost of the expanded asphalt is lower than
emulsified asphalt. Furthermore, the material, stabilized with the foamed asphalt gains its
strength rapidly since the water added to create the foaming evaporates immediately after the
foaming takes place. Similar to the emulsified asphalt base, the resulting base layer is flexible
with good fatigue resistance. The major shortcoming of the foamed asphalt is its demand for
finer fractions. To be treated with expanded asphalt, the reclaimed materials must contain 5%-
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15% of the fractions passing 75um (No. 200) sieve. Besides, it is required to heat the asphalt
to a temperature of about 180°C during the foaming operation, which is not required in the

case of emulsified asphalt (2,30).

e Portland cement

Portland cement undergoes hydration reaction by reacting with the moisture in the reclaimed
material to form silica gel. The silica gel cements the grains of the reclaimed materials
together to create a strong and stable base. The typical application rate of Portland cement
ranges 2% - 4%. It is recommended to limit the application rate to the maximum of 6% to
minimize the risk of shrinkage cracking. In the full-depth reclamation projects, Portland
cement can be applied either in dry form or in the form of a slurry with the later being the

preferred option to avoid dust nuisance, especially, in residential areas.

The cement treated reclaimed materials have good early strength and better
resistance to moisture damage. Additionally, the Portland cement bases are less susceptible
to traffic induced deformation if properly designed and constructed. The major problem that
is associated with Portland cement treatment is the shrinkage cracking of the stabilized base.
The shrinkage cracks in the stabilized base can create tensile stress build-up at the bottom of
the surfacing layer, which can cause bottom-up cracking or reflective cracking at the surface
layer (2,26,30,31). The other limitation of the cement treated FDR materials is the short time
interval between the mixing and compaction steps. The maximum allowable time gap
between the mixing and the compaction operation is 2-hours (7). Thus, unlike bituminous
mixtures, extended stockpiling and delayed compaction are not possible when using Portland

cement as a stabilizer.
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Figure 2.2 Matrix of the basic characteristics of road-building materials (32)

Portland cement can be used along with both asphalt emulsions and foamed asphalt.

in the matrix shown in Figure 2.2
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The addition of 1% - 3% of Portland cement in the bituminous mixtures helps to reduce the
stripping problem by enhancing the adhesion of bitumen to the aggregate; facilitating the
development of early strength by minimizing the curing time; and increasing the ultimate
strength of the treated materials. However, the combined use of the bituminous stabilizers
with Portland cement is expensive and the design needs to be done with extreme care to
balance the effects of the different stabilizers (2,30). The basic characteristics of the pavement

materials when treated with the bituminous binders and Portland cement are well illustrated



From the foregoing discussion, it can be noted that neither the bituminous stabilizers
nor Portland cement imparts the combined qualities of strength, flexibility, and durability.
Although the current practice of using the bituminous stabilizers in combination with the

Portland cement seems sound performance wise, it is an expensive treatment option.

2.1.4 Mix Design of Cement Treated Full-Depth Reclaimed Materials

The mix design procedures for FDR mixes vary depending on the type of stabilizing agent
used. For the cement treated materials, the rational mix design method is the one
recommended by the Portland Cement Association (PCA) in their Guide to Full Depth
Reclamation with Cement (7,33). Many agencies and researchers have used this approach as
it is or by making slight modification to design cement stabilized FDR mixes. The method

was adapted from the Soil-Cement Laboratory Handbook of PCA (34).

According to the PCA method, the design steps of the FDR mixes begin with
collection of sufficient representative samples of the existing pavement layers. The gradation
of the reclaimed material is adjusted, if it fails to meet the project specification, by blending
with aggregates from external sources. Then, the optimum moisture content of the soil-cement
mixture is determined by moisture-density test, per ASTM D 558. The cement content that is
predetermined for different soil group in the PCA Soil-Cement Laboratory Handbook can be
used to prepare the initial soil-cement mixture for moisture-density test. Next, trial mixes are
prepared with various cement contents and the optimum moisture content. The mixtures are
then compacted, cured for 7 days, and subjected to unconfined compressive strength (UCS)
test, according to ASTM D 1633. The cement content of the mixture that fulfill the UCS

requirement is the candidate optimum cement content. The PCA guide specified that the UCS
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within a range of 2.1 MPa (300psi) to 2.8 MPa (400psi) is acceptable for FDR mixes. The
moisture susceptibility of the mixture with optimum cement content should be assessed using
the tube suction test before the final approval of the mix (35). The wet-dry test, per ASTM D
559, and the freeze-thaw test, per ASTM D 560, are the other two common tests that are
conducted to assess the resistance of the proposed mix to moisture and frost effects. The wet-
dry and freeze-thaw requirements are said to be fulfilled when the soil-cement losses after 12-
cycles of the tests are less than 14% for A-1, A-2-4, A-2-5, and A-3 soils; less than 10% for
A-2-6, A-2-7, A-4, and A-5 soils; and less than 7% for A-6 and A-7 soils (34). It was specified
that samples with a dielectric constant of less than 10 over a ten days period would fulfill the
wet-dry or freeze-thaw requirements satisfactorily (36). Thus, according to the PCA method,
the cement content that provides the mixture 7 day UCS within the range of 2.1 MPa (300psi)
— 2.8 MPa (400psi) can be selected as an optimum binder content and the moisture

susceptibility of the mixture is recommended to be assessed with the tube suction test.

2.1.5 Design of Cement Treated FDR Pavements

FDR pavements are designed in the same manner as the new pavement since the FDR
pavements are reconstructed up from the subgrade level (35,37). Most of the current practices
of FDR pavement design are based on empirical methods. There is no design parameter for
cement treated FDR pavements in the current mechanistic-empirical pavement design
procedures. For cement treated FDR base, Halsted et al. (38) and Luhr et al. (35) pointed out
that the pavement can be designed by AASHTO 1993 method of pavement design considering
the FDR base as cement treated base and assigning a structural coefficient within the range of

0.12 to 0.3. Structural catalogues or design charts are used to design cement treated recycled
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base in European countries like Spain, Australia, and UK (37). In California, the FDR
pavement is designed empirically by using the granular equivalency method. In this method,
the gravel factor, Gy, for the cement treated FDR varies from 0.4 to 1.2 based on the depth of

pulverized materials and the percentage of the reclaimed asphalt.
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3. METHODOLOGY AND MATERIALS

This was experimental research conducted mainly based on laboratory testing. The first step

of the research was sample collection and material quality assessment. The reclaimed material
samples were collected from four full-depth reclamation projects located at different parts of
Ontario, Canada. The four sampling locations were Bruce County, Niagara-on-the-Lake,
Kossuth Road and Nafziger Road. The sample locations are shown in Figure 3.1 and Figure
3.2. For simplicity, the reclaimed materials were designated based on the sample locations as

shown in Table 3.1. These designations were used for the discussions throughout the thesis.
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Figure 3.1 Reclaimed material sample locations
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Figure 3.2 Full-depth reclamation projects A) Niagara-on-the- Lake, B) Bruce County,
C) Kossuth, D) Nafziger

Table 3.1 Designation of Reclaimed Materials

Designation Reclaimed Material Source
FDR-BC Bruce County
FDR-NL Niagara-on-the-Lake

FDR-Koss Kossuth Road
FDR-NAF Nafziger Road

Four types of cementious binders, three types of hydraulic road binders and General
Use (GU) cement, were used in this study. All of the cementitious binders were supplied by

Lafarge Canada Inc. The GU cement was mainly used to make control specimens. The three
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hydraulic road binders were designated as HRB1, HRB2 and HRB3 for the discussions

throughout the thesis.

The reclaimed materials were subjected to various tests to identify their quality and

index properties. The second step was designing the mixture compositions to identify the

optimum moisture content, maximum dry density and optimum binder contents of each

mixture. Then various test specimens were prepared and cured for the designated period. The

cured specimens were subjected to characterization and performance tests. The type and

number of tests conducted for the study are shown in Table 3.2. Finally, the test results were

analysed and interpreted in-line with the research hypothesis and objectives. The research

methodology was outlined in Figure 3.3.

Table 3.2 List of Laboratory Tests Conducted for the Research

Test Description Test Method  Number of Test/Specimens
Particle Size Analysis ASTM D 6913 8
Liquid Limit AASHTO T 89 8
Plastic Limit AASHTO T 90 8
Micro-Deval Abrasion Loss ASTM D 6928 8
Methylene Blue Value AASHTO TP 57 8
pH ASTM D 4972 8
Standard Proctor Test ASTM D 558 16
Freeze-thaw ASTM D 560 36
Unconfined Compressive Strength ASTM D 1633 96
Modulus of Elasticity ASTM C 469 30
Indirect Tensile Strength AP-T101/08 99
Fatigue Test AASHTOT 321 48
Total Number of Tests 373
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4. CHARACTERIZATION OF FULL-DEPTH RECLAIMED
PAVEMENT MATERIALS TREATED WITH HYDRAULIC ROAD
BINDERS

Summary

Hydraulic road binders (HRB) are factory made blends which are composed of a substantial
amount of supplementary cementitious materials and Portland cement. Previous studies
indicated that the use of chemical stabilizers containing supplementary cementious materials
is a sustainable approach that can reduce carbon dioxide (COz) emission by 5% - 25%. Thus,
the use of HRB in full-depth reclamation process could make the practice more sustainable if
strength, stiffness, and durability of treated materials are not compromised. The primary
objective of this study is to evaluate the mechanical properties of full-depth reclaimed
pavement materials treated with hydraulic road binders. The study was conducted in the form
of comparative assessment by using full-depth reclaimed pavement materials treated with
General Use (GU) cement as a control mix. For this study, three types of full-depth reclaimed
pavement materials and four types of cementitious binders, including GU cement, were used
to make eleven different types of mixes. Unconfined compressive strength, modulus of
elasticity, and indirect tensile strength tests were used to assess the mechanical properties of
the eleven mixes. The test results indicated that hydraulic road binders could provide
equivalent strength and stiffness as GU cement. The study also revealed that the HRB content,
required to attain equivalent strength and stiffness as GU mixes, is the same or less than GU
cement content. Based on the study findings, hydraulic road binders can be sustainable
alternative binders that can replace GU cement in full-depth reclamation process without

compromising the structural function of the treated layer.
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4.1. Introduction

In an effort to meet sustainability requirements and comply with environmental regulations,
the cement industries are looking for a variety of options that lead towards sustainable cement
production. Among these options is partial replacement of the clinker in Portland cement
with supplementary cementitious materials (SCM) (39,40). Previous studies show that,
approximately, 5% of the global CO; emission comes from cement industries (4,5) and this
can be reduced by 5% - 25% if the clinker in the Portland cement is partially replaced by
SCM (6,14). For example, replacing 40% of the clinker in Portland cement by SCM would
eliminate up to 400 million tonnes of CO> emissions per annum (41). According to the
assessment of Portland Cement Association (PCA), production of cement containing
supplementary cementitious materials with U.S industry average composition emits 10%-
15% fewer greenhouse gases, requires 12% less energy and consumes 6% fewer material
resources than production of Portland cement (42,43). It follows that cements containing
significant amount of SCM could be the preferred alternatives with less adverse

environmental impacts as compared to the ordinary Portland cement.

The use of cements with substantial amount of SCM, however, becomes plausible
provided that the engineering performance of the mixes they make is not compromised. When
the clinker in cement is partly substituted with SCM, the properties of the original cement
would be changed. The change could be significant to the extent that affects the strength and
durability of the mixes (40) or it could be inconsequential depending on the type and amount
of SCM replacing the clinker. One way to identify the effects of the cement with the modified

composition is laboratory characterisation tests.
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In this study, material characterisation tests were performed to evaluate the strength,
stiffness and durability of full-depth reclaimed pavement materials (FDRm) treated with
hydraulic road binders. Hydraulic road binders (HRB) are types of chemical stabilizers which
are made by blending substantial amount of supplementary cementitious materials (SCM)
with Portland cement clinker. The SCM used in HRB can be granulated blast furnace slag,
pozzolans, fly ash, burned shale, and limestone (44). Typical composition of the main

constituents of Portland cement and SCM is shown in Fig. 4.1.

Poéiand cement

« Fine limestone

CaO Al,O,

——ALO—P>

Figure 4.1 Typical Compositions of Cementitious Materials [adapted from (10,11,45)]
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Hydraulic road binders are not standardized in North America. Based on their
composition, however, HRB can be fairly described with the ASTM C 219 (16) definition for

blended cement, which is read as:

‘hydraulic cement consisting of two or more inorganic constituents (at least one of which is
not Portland cement or Portland cement clinker) which separately or in combination
contribute to the strength gaining properties of the cement, (made with or without other
constituents, processing additions and functional additions, by intergrinding or other

blending).’

The standard definition of HRB is given in the European standard EN 13282 (44) as:

‘a factory produced hydraulic binder, supplied ready for use, having properties specifically
suitable for treatment of materials for bases, sub-bases and capping layers as well as

earthworks, in roads, railways, airports and other types of infrastructures.’

The presence of silica-rich SCM in hydraulic road binders changes the composition
of the calcium silicate hydrate (C-S-H) by reducing the C/S ratio. Most SCM are characterized
by low calcium/silica ratio (C/S) as they contain less calcium compared to Portland cement.
As a result, hydrates of SCM are different from that of Portland cement. This difference in
the composition of hydration products affects their strength and durability (10). Blending
SCM into Portland cement also influences water demand, setting time, heat evolution and

pore structure (11) of the binders.

Although HRB are formulated to treat road materials, their use in full-depth

reclamation processes is not common. There is hardly any published work (to the authors best
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knowledge) that presents the properties of full-depth recycled pavement materials treated with
hydraulic road binders. Most of the previous studies have been done on reclaimed pavement
materials treated with ordinary Portland cement. The primary objective of the study is, thus,
to investigate the mechanical properties HRB treated FDRm and assess the effects of various

hydraulic road binders on the strength, stiffness and durability of the treated FDRm.

For the purpose of this study, three types of FDRm and three types of hydraulic road
binders were used. Additionally, GU cement was used to make control mixes. Overall, eleven
FDRm-binder mixes were prepared for the study. The three FDRm, used in this study,
represent materials with low, medium, high RAP percentages. Unlike most of the previous
studies, the blends of RAP and the virgin aggregates were not produced in the laboratory,
rather the blends were directly collected from the full-depth reclamation project sites. The
study, however, was performed purely based on laboratory experiments. The tests involved
in this study are unconfined compressive strength, modulus of elasticity, indirect tensile

strength and freeze-thaw.

4.1.1. Review of Previous Studies

Several studies have been conducted over the last half century on reclaimed pavement
materials treated with ordinary Portland cement (also known as General Use (GU) cement)

(8-17). Some of these are reviewed and presented in this section.

Kolias (47) investigated the effects of reclaimed asphalt pavement (RAP) on the
mechanical properties of cement-treated mixtures by blending milled bituminous concrete
with crushed limestone aggregate with different blending ratio. In this study, the influence of

RAP on the compressive strength, tensile strength, and modulus of elasticity of 7 days, 28
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days and 1 year cured specimens were examined using five different types of mixtures. The
RAP/limestone aggregate proportions, in percent, of the five mixes were 100/0, 75/25, 50/50,
25/75 and 0/100. All the five mixes were stabilized with 5% cement. The compressive
strength tests were done on 100 mm X 100 mm X 100 mm cube specimens while the modulus
of elasticity tests were conducted on 100 mm X 100 mm X 200 mm specimens. The tensile
strength was determined using the diametrical split tensile test. The split tensile strength tests
were performed on 100 mm diameter and 200 mm high cylindrical specimens. Some of the
test results are shown in Table 4.1. The study findings indicated that increasing the RAP
percentage would decrease the strength and modulus of elasticity of the mix. This was
attributed to the poor adhesion properties of the cement paste with the asphalt coated
aggregates and the weak asphalt bound lumps of fine fractions in the RAP. The study also
pointed out, with increasing RAP percentage, the static modulus of elasticity values decreased
at a higher rate than the corresponding complex modulus values. Similar study (48) indicated,
as the RAP percentage increased, the flexural strength decreased at a lower rate than the

corresponding compressive strength.

Likewise, Guthrie et al. (50) evaluated the effects of RAP on the strength and
durability of cement-treated materials using unconfined compressive strength (UCS) and tube
suction tests (TST). The UCS test was performed according to ASTM D 1633 in which the
loading rate is 0.05 inch/ minute. Texas Department of Transportation Test Method, Tex-144-
E, was used to conduct the tube suction test. The study was performed on mixtures containing
20% to 100% RAP and cement contents varying from 0.5 to 2%. The UCS of the mixes with
0% RAP ranges from 50 psi (0.34 MPa) to 820 psi (5.65 MPa) while the UCS of the mixes

with 100% RAP is in the range of 50 psi (0.34 MPa) to 340 psi (2.34 MPa). The study findings
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indicated that as the RAP content increases, the UCS and dielectric values of the mixes
decrease. This implied that increasing the RAP content negatively affected the strength but

improved the durability of the mixtures.

Table 4.1 Summary of Laboratory Test Results from Previous Studies

. . Modulus of
RAP Cement Compressive Tensile Strength Elasticity
Source Content  Content Strength (MPa) (MPa) (MPa)
(“o) (“o)
7 days 28 days 7 days 28 days 28 days
0 5 15.96 19.56 0.75 1.32 32,170
25 5 - - - - 19,000
47) 50 5 8.40 10.74 0.56 0.87 14,000
75 5 - - - - -
100 5 5.03 597 0.43 0.71 7,330
0 6 12.50 18.05 - 2.03 17,360
25 6 10.55 14.70 - 1.55 15,430
(51 50 6 8.30 11.30 - 1.29 12,960
75 6 6.75 8.95 - 1.12 9,620
100 6 5.85 8.35 - 1.04 4,689
0 3 3.60 4.00 - - 32.5
20 3 3.45 3.95 - - 29.5
40 3 2.00 2.35 - - 22.4
60 3 1.25 2.10 - - 9.0
0 4 4.00 4.20 - - 34.5
20 4 3.80 4.10 - - 32.0
40 4 2.25 2.90 - - 24.4
60 4 2.05 2.40 - - 11.0
(49) 0 5 4.40 4.50 - - 37.0
20 5 4.15 4.30 - - 36.2
40 5 2.85 3.70 - - 28.3
60 5 2.25 2.95 - - 13.0
0 6 4.75 5.20 - - 39.3
20 6 4.50 4.90 - - 38.4
40 6 3.25 4.15 - - 31.7
60 6 2.80 3.40 - - 14.0

Saloua El et al. (51) assessed the compressive strength, modulus of elasticity,

flexural strength and indirect tensile strength of five mixtures RAP/aggregate mixtures
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containing 6% cement (by weight of the total dry mix). The compressive strength was done
according to French standard, NF P 18-455 on 16 cm diameter and 32 cm long cylindrical
specimens. Similarly, the indirect tensile strength test was conducted per French standard NF
P 12390-6 on cylindrical specimen having the same dimension as the compressive strength
test. The elastic modulus test, in contrast, was performed using pulse velocity method
according to ASTM C 597-02. Summary of the test results is shown in Table 4.1. The study
results indicated all the compressive, tensile, and flexural strength, and stiffness of the mixes

decreased as the RAP percentage increased.

Similarly, Ghanizadeh et al. (49) investigated the mechanical properties of cement
treated reclaimed asphalt pavement materials. In this work, the authors assessed how the UCS,
elastic modulus and CBR are affected as the RAP proportion and cement content of the mix
vary. The test samples were prepared by blending RAP samples with GW-GC and SP-SC
gravels. The UCS test was done per ASTM D 1633 while CBR test was done according to
ASTM D 1883. The UCS and modulus of elasticity of GW-GC mixes are shown in Table 1.
The elastic modulus values of the mixes in this study is substantially smaller than the values
on the other literatures as shown in Table 4.1. The main reason for this discrepancy is not

clear as not much information was given about elastic modulus test in Ghanizadeh et al (49).

In general, the studies on the mechanical properties of cement treated materials
showed stiffness and strength decrease with increase in RAP proportion (47,48,50-54).
Nevertheless, cement treated materials containing RAP was proven to make a suitable base

layer provided that they are properly designed (46,51,55).
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4.2. Materials and Methods

4.2.1. Full-depth reclaimed materials

Samples of the reclaimed materials were collected from three FDR projects in Northern and
Southern Ontario, Canada. The project in the North was on County Road 1 in Bruce County.
The existing pavement of the County Road 1 was composed of a granular base and sub-base
layers with high float surface treatment and micro-surfacing surface layers. The County Road
1 FDRm contained 40% RAP (chip seal and micro-surfacing) and 60% granular material. The
FDR projects in the South were on the Line 8 Road close to the town of Niagara-on-the-Lake
and on Kossuth Road in the City of Cambridge, Ontario. The pavement of Line 8 Road was
constituted of granular base and sub-base with chip seal surfacing. The Line 8 Road material
was composed of 20% RAP (chip seal material) and 80% granular material. Similarly,
Kossuth Road had pavement structure with granular base and sub-base layers but with asphalt
concrete surfacing. The RAP proportion of the FDRm from Kossuth Road was 60%.
Accordingly, depending on their composition, the materials from Line 8§ Road (FDR-NL),
County Road 1 (FDR-BC) and Kossuth Road (FDR-Koss) can be considered as reclaimed

materials with low, medium and high RAP percentages, respectively.

Particle size analysis, Atterberg limits, Methylene Blue Value, Micro-Deval
Abrasion Resistance and pH tests were conducted on the collected material samples. The

results of the tests are presented in Table 4.2 and Figure 4.2.
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Table 4.2 Properties and Compositions of Reclaimed Materials

Test Results

Test Description Test Method FDR-BC FDR-NL FDR-Koss
Composition, RAP : Granular 40:60 20:80 60:40
Liquid Limit (%) AASHTOT 89 Non-plastic 22 Non-plastic
Plasticity Index AASHTO T 90 Non-plastic 5 Non-plastic
AASHTO Soil Class AAHTO M 145 A-1-b A-1-a A-l1-a
Micro-Deval Abrasion Loss (%) ASTM D 6928 10.8 45.6 12.7
Methylene Blue Value (mg/g) AASHTO TP 57 1.3 8.7 2.7
pH ASTM D 4972 8.5 7.5 9.0

100

% Passing
N
<

0.075 0.15 0.3 0.6 1.2

— 4 -Bruce County  ---®-- Niagara

Figure 4.2 Particle size distribution of the reclaimed materials

4.2.2. Binders

The physical properties and chemical compositions of the three hydraulic road binders and
GU cement used in this research are shown in Table 4.3 and Table 4.4, respectively. As shown
in Table 3, the initial setting times of the three HRB are way higher than that of GU cement.
It follows that when using HRB in the full-depth reclamation process, the allowable time gap

between the mixing and compaction operations is higher than the time gap allowed when
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using GU cement. Table 4.4 shows, the three hydraulic road binders contain higher silica and

lower Calcium Oxide than the GU cement. This is due to the substantial amount of SCM

present in the HRB. As a result, the calcium/silica ratio of the three HRB are lower than the

GU cement.

Table 4.3 Physical Properties of HRB and GU Cement

Physical Properties GU HRB-1 HRB-2 HRB-3
Fineness 45um sieve, % retained 4 5.0 1.9 4.1
Blaine Fineness, m*/kg 383 465 497 389
Autoclave, % Expansion 0.05 0.0 0.0 0.0
Initial time of set, minutes 90 161 173 153
Compressive Strength at 28 days, MPa 40.5 34.8 41.5 35.0
Sulphate Resistance, % expansion at 6 months 0.014 - 0.005 0.040
Table 4.4 Chemical Compositions of HRB and GU Cement
Chemical Components GU HRB-1 HRB-2 HRB-3
Si0; (%) 19.6 28.4 223 26.2
ALOs (%) 5.0 7.6 5.7 7.0
Fe 03 (%) 33 2.1 23 23
CaO (%) 62.2 49.4 55.4 53.4
MgO (%) 2.5 7.2 4.7 59
SO; (%) 3.9 3.3 3.7 3.6
Loss on ignition @ 950 (%) 2.3 1.5 43 1.7
Equivalent alkalis, % (as Sodium Oxide) 0.66 0.6 0.7 0.6
CaO/SiO; 3.17 1.74 2.48 2.04
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4.2.3. Experimental program

4.3.1.1. Mix Design
Mix design of FDRm-binder mixtures was performed using the PCA method to determine the
optimum moisture content and optimum binder content of the mixes. The design was done
for three FDR-BC, four FDR-NL and four FDR-Koss, totally for eleven mixes. FDR-NL and
FDR-Koss mixes were prepared with all the four binders, while FDR-BC mixes were prepared

with GU, HRB1 and HRB3 binders.

In the PCA method of mix design, the first step is the determination of optimum
moisture content (OMC). This is done per ASTM D 558, Moisture-Density Relations of Soil-
Cement Mixtures (56). Initial cement contents recommended for this test are obtained from
PCA's Soil-Cement Laboratory Handbook (34) for different AASHTO soil classes. According
to the handbook, for A-1-a and A-1-b soil classes, the recommended initial cement contents
are 5% and 6% respectively. However, cement contents one or two percent above or below
the initial cement contents do not significantly affect optimum moisture content (7,33,49).
Consequently, initial cement contents of 5% and 6% were used to determine optimum

moisture contents of the eleven mixes.

The second step in the mix design process is the determination of binder content that
provides the required strength. This is done by making a series of duplicate or triplicate UCS
specimens with different binder contents. UCS of the specimens is tested after 7 days of moist
curing per ASTM D 1633. In this study, a strength range of 2.1 MPa (300psi) — 2.8 MPa (400

psi) was used to select optimum binder content (OBC). These strength thresholds are
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recommended for balanced design which accounts both strength and durability of cement-

treated materials (7).

The last step is evaluating the adequacy of the selected cement content based on
durability criteria. For this purpose, the freeze-thaw test was performed according to ASTM
D 560 (57), and the requirements specified in PCA Soil-Cement Laboratory Handbook was
used. According to ASTM D 560, triplicate specimens with 101.6 mm diameter and 116.4
mm height should be prepared, moist cured for 7 days, and subjected to 12-cycles of freezing
and thawing. After each cycle of freezing and thawing, the specimens should be rubbed along
its sides and two faces by two strokes of purpose designed wire brush. At the end of the 12-
cycles of freezing-thawing, the soil-cement loss (reduction in the weight) of a durable
specimen should be within the specified limits. PCA’s Soil-Cement Laboratory Handbook
specified that for durable mixes the maximum soil-cement loss after 12-cycles of freezing and
thawing shall not exceed 14% for A-1, A-2-4, A-2-5, and A-3 soil groups; 10% for A-2-6, A-
2-7, A-4, and A-5 soil groups; and 7% for A-6 and A-7 soil groups (34).

4.3.1.2. Mechanical Characterization

e Unconfined Compressive Strength (UCS)
Unconfined compressive strength test was conducted on 7, 28 and 56 days moist cured
specimens according to ASTM D 1633, method A. (58). The tests were performed on
cylindrical specimens with 101.6 mm diameter and 116.4 mm height. The specimens were
prepared by standard proctor test apparatus and compaction effort. After compaction, the
specimens were kept at room temperature and humidity for 6 — 10 hours so that they set
adequately. At this stage, the specimens were wetted manually to compensate for the moisture

loss due to hydration and evaporation. The specimens were then moved to a curing room and
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cured at 100% relative humidity and room temperature throughout the curing period. After
curing for the desired number of days, the specimens were taken out of the curing room,
capped with gypsum plaster and soaked in water for 4-hours prior to the test. While running
the test, the specimens were wrapped with wet paper towel to keep the specimens moist. The
UCS test was performed on displacement-controlled mode with a loading rate of 1.3

mm/minute. The test set-up and test specimens are shown in Figure 4.3.

Figure 4.3 a) UCS specimens; b) shapes of UCS specimens after the test; ¢) UCS test on
progress

o Modulus of Elasticity (MOE)
The test method to determine the modulus of elasticity of chemically stabilized materials has
not been in standardized in North America. However, the NCHRP guide for ME design

recommends ASTM C469 (59) to test modulus of elasticity of chemically stabilized materials
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(60). Accordingly, ASTM C469, which is a test method to determine the modulus of elasticity
and Poisson’s ratio of concrete, was used in this study. The test was conducted on 28 days
moist cured specimens with 101.6 mm (4-in) diameter and 203.2 mm (8-in) height. The

specimens were compacted in five layers with 25-blows of standard proctor hammer.

Screw connecting
the metal rings with
Vertical the specimens

displacement sensor

Horizontal
displacement sensor

Metal rings carrying
the displacement
sensors

Figure 4.4 Modulus of elasticity test set-up: a) front view, b) rear view

ASTM C469 specifies test specimens shall be loaded at least three times with a load
equivalent to 40% of the ultimate strength of the specimen. For this study, the specimens were
loaded with six cycles of the 40% of UCS load. The load shall be applied continuously at a
constant rate of 250 + 50 kPa/s [35 + 7 psi/s]. However, in this study, the test was run in
displacement control mode with a loading rate of 1.44 mm/min. This was because the results
of the test run in load control mode with the rate of 250 kPa/s was too noisy and did not show

any good trend with the load increment. The specimens were capped with gypsum plaster and
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soaked for 4-hours before the test and subjected to six cycles of loading and unloading at the

specified loading rate. The MOE test set-up is shown in Figure 4.4.

Compared to concrete, cement treated specimens are weak and have softer surfaces.
As a result, during the MOE test, cement treated specimens do not firmly hold the screws
coming from the metallic frame carrying the displacement sensors. This often becomes the
source of variability of the test data and makes the test a bit difficult to run on cement treated

materials.

Indirect Tensile Strength (IDT)
Similar to modulus of elasticity test, there is no standard test method to determine the indirect
tensile strength of chemically stabilized materials in North America. Thus, in this research,
the testing protocol specified in Austroads Technical Report, AP-T101/08, (61) was used. The
test was performed on the 28 days moist cured cylindrical specimens with 150 mm diameter
and 85 mm height. The load was applied using 19 mm (0.75-in) wide loading blocks that
support the specimen along its diametral axis. AP-T101/08 specified a constant loading rate
of 20 £ 2 kN/minute for the test. However, in this study, the test was performed on
displacement-controlled mode by applying a monotonically increasing load at a rate of
1.3mm/min until no increase in force reading is observed. This was because the results of
load-controlled test were noisy and did not show consistent trend with the applied load
increment. The test specimens were prepared using gyratory compactor by setting the height
as a control of the target level of compaction. As it is recommended to perform the test on
saturated specimens, the test specimens were wrapped with plastic wrap right after they were

taken out of the curing room.
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Figure 4.5 a) IDT specimens; b) IDT specimen after the test; c) IDT test on progress

4.3. Results and Discussion

4.3.1. Mix Design Results

4.3.1.1. Optimum Moisture Content (OMC)
Moisture-density relation curves are shown in Figure 6. It can be noted from the curves that
the variations in the maximum dry densities and OMC of the different mixes of the same
FDRm are not significant. This indicates the different binders used in the mixes have hardly
any impact on the level of compaction and OMC. Nevertheless, the maximum dry density
(MDD) and OMC of mixtures containing FDRm with higher RAP proportion is lower than
the corresponding mixtures containing FDRm with lower RAP proportion. As shown in
Figure 4.6, FDR-NL (20% RAP) mixes have the largest whereas FDR-Koss (60% RAP)
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mixes have the smallest MDD and OMC. This agrees with the findings of the previous studies
on the properties of mixes containing RAP (50,51,55,62) although, in this study, field samples

with different types of aggregate were used.
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Figure 4.6 Moisture-density relation curves for the eleven FDRm-binder blends

4.3.1.2. Optimum Binder Content
Duplicate or triplicate UCS specimens were produced with different binder contents to
identify the optimum binder content that would provide strength within the recommended
threshold limit of 2.1 — 2.8 MPa. The optimum moisture contents that were determined by the
standard proctor test were used to make all specimens. The average 7 days UCS of these
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specimens are shown in Figure 4.7. In Figure 4.7, in the first row of the horizontal axis are
binder contents, the second row show the binder types and the third row show the FDRm type.
As shown in Figure 4.7, FDR-NL and FDR-BC mixes could attain the PCA’s strength
thresholds with binder contents 5% or less. However, FDR-Koss mixes could not attain the
recommended strength limits even with 6% binder content. As higher binder content often
causes shrinkage cracking in cement treated materials, the binder content of FDR-Koss mixes

was not increased to more than 6% although the 7 days UCS requirement was not fulfilled.

The lowest binder contents that provided strength within the threshold limits were
identified and another triplicate set of cylindrical specimens were made for freeze-thaw test.
The average normalized cumulative soil-cement losses of the wet specimens throughout the
12-cycles of freezing and thawing are shown in Figure 4.8. As shown in Figure 4.8, the soil-
cement losses of FDR-NL and FDR-Koss specimens were negligible after the first freeze-
thaw cycle. In contrast, the soil-cement losses of FDR-BC were significant throughout the
twelve cycles. This could be due to the relatively higher binder contents in FDR-NL and FDR-
Koss specimens and lower binder contents of FDR-BC specimens. The total soil-cement loss
after the 12-cycles of freezing and thawing was way below the threshold limit of 14% for all

of the tested mixes.

The optimum binder contents (OBC) at which the mixes fulfill both strength and
durability criteria are shown in Table 4.5 along with the optimum moisture content of each
mixes. FDR-BC mixes require less binder than FDR-NL mixes for equivalent strength and
durability. This is due to the higher amount of harmful clays and lower strength of coarse
aggregates in FDR-NL, which were shown by Methylene Blue Value and Micro-Deval

Abrasion Resistance tests, respectively. The strength and durability of the eleven mixes which
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UCS (MPa)
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were prepared with the respective OMC and OBC are shown in Figure 4.9 in terms of UCS

and soil-cement loss, respectively.
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Figure 4.7 Average 7 days UCS of specimens with different binder contents

Table 4.5 Design Moisture and Binder Contents of Eleven Mixes

FDRm Binder Type MDD (g/cm?) OMC (%) OBC (%)  Water/Binder
(ratio)

FDR-NL GU 2.25 8.6 5.0 1.7
HRBI1 2.24 8.4 3.5 2.4

HRB2 2.21 8.5 5.0 1.7

HRB3 2.26 8.2 4.0 2.1

FDR-BC GU 2.19 7.8 2.5 3.1
HRBI1 2.17 7.4 2.5 3.0

HRB3 2.20 7.7 2.5 3.1

GU 1.98 5.9 6.0 1.0

HRBI1 2.02 5.6 6.0 0.9

FDR-Koss HRB2 1.97 53 6.0 0.9
HRB3 2.01 5.0 6.0 0.8
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Figure 4.8 Average soil-cement loss of set specimens
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4.3.2. Unconfined Compressive Strength

The unconfined compressive strength of the eleven mixes after 7, 28 and 56 days of moist
curing are shown in Figure 4.10. Exploring these data, one may observe the difference in UCS
of all the mixes of respective ages is small regardless of the binder types. To prove whether
the UCS values are significantly affected by the type of binders in the mixes, single factor
ANOVA test was performed on the UCS data. The ANOV A was done using Minitab 18 with

a significance level, a = 0.05. The hypotheses of the ANOV A test were the following:

Null hypothesis Ho: Hydraulic road binders do not affect the strength of a mix

Alternative hypothesis Hl: Hydraulic road binders significantly affect the strength
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Figure 4.10 Unconfined compressive strength test results
The ANOVA tests were conducted on the overall UCS data and on the datasets split
based on curing ages and FDRm types to assess the impact of the binders at different ages

with different materials. The results of the ANOVA test are shown in Table 4.6.
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The data in Table 4.6 indicated that based on the given dataset, there is no strong
evidence to reject the null hypothesis in all but three datasets, namely, 28 days UCS of FDR-
BC, 7 days UCS of FDR-Koss and 28 days UCS of FDR-Koss. The cause of the variation in
the 28 days UCS of FDR-BC was the change in the test machine. The machine that had been
used for UCS test was down on the day the 28 days UCS of FDR-BC+HRB1 and FDR-
BC+HRB3 mixes was supposed to be tested. As a result, another heavy-duty machine with
1500 kN capacity was used by setting the loading rate to the same level, 1.3 mm/minute. Thus,
the 28 days UCS data of FDR-BC cannot be used to evaluate the effect of the binders on the
UCS values because of the experimental bias. To identify the source of variation in the 7 days
and 28 days UCS of FDR-Koss specimens, Dunnett’s multiple comparison test was performed
with 95% confidence intervals (Cls). The Dunnett’s test indicated that the difference in the
7 days UCS was statistically insignificant whereas the difference in the 28 days UCS was due
to the higher UCS of mixes with HRB1 binder. The results of Dunnett’s test on the 7 days

and 28 days UCS of FDR-Koss mixes is shown in Figure 4.11.

Dunnett Simultaneous 95% Cls Dunnett Simultaneous 95% Cls
Level Mean - Control Mean for UCS (MPa) Level Mean - Control Mean for UCS (MPa)
T
HRB1-GU | : HRB1 - GU ; } -
HRB2 - GU f 3 | HRB2 - GU e
HRB3 - GU | e | HRB3-GU |——o—
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
If an interval does not contain zero, the corresponding mean is significantly different If an interval does not contain zero, the corresponding mean is significantly
from the control mean. different from the control mean.

Figure 4.11 Dunnett's multiple comparison test on 7 days (left) and 28 days (right)
UCS of FDR-Koss mixes
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Dunnett’s multiple comparisons test was also performed on the other datasets,
shown in Table 4.6, to individually compare the UCS of HRB mixes with the corresponding
GU mixes. As shown in Table 4.7, the results of Dunnett’s multiple comparisons test perfectly

match with the ANOVA results for all but the 7 days UCS of FDR-Koss datasets.

Table 4.6 Summary of ANOVA Test on UCS Data

FDR Material Dataset F-Value P-Value

FDR-NL, 7 days UCS,

FDR-BC, 28 days UCS, 0.05 0.986
FDR-Koss 56 days UCS

7 days UCS 2.36 0.147

FDR-NL 28 days UCS 0.19 0.898

56 days UCS 1.53 0.279

7, 28, 56 days UCS 0.04 0.989

7 days UCS 0.04 0.958

FDR-BC 28 days UCS 10.32 0.011

56 days UCS 2.48 0.231

7, 28, 56 days UCS 0.12 0.883

7 days UCS 6.79 0.014

FDR-Koss 28 days UCS 16.54 0.001

56 days UCS 1.57 0.271

7, 28, 56 days UCS 0.46 0.714

Assessment in the UCS growth pattern indicated that there was a substantial
difference between the 7 days and 28 days strength of all mixes. However, the growth between
28 days and 56 days of curing was statistically insignificant for most of the mixes. The
assessment was done using Dunnett’s multiple comparison test and the results are shown in

Table 4.8.

Overall, based on the statistical tests, both the early-age and long-term compressive

strength of HRB mixes were equivalent to the strength of the corresponding GU mixes.
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Table 4.7 Dunnett's Multiple Comparisons of UCS Data

Difference of

FDR Dataset Levels (in UCS of T-Value Adjusted

Material mixes with different P-Value

binder types)

FDR-NL, HRBI1 - GU -0.01 1.000
FDR-BC, 7,28,56 days UCS HRB2 - GU -0.35 0.974
FDR-Koss HRB3 - GU -0.12 0.999

HRBI1 - GU -1.12 0.571

7 days UCS HRB2 - GU 2.52 0.085
HRB3 - GU -1.89 0.213

EDRNL HRB1 - GU -0.70 0.824
28 days UCS HRB2 — GU -0.57 0.892
HRB3 - GU -0.54 0.908

HRBI1 - GU 0.79 0.774

56 days UCS HRB2 - GU 2.10 0.159
HRB3 - GU 0.69 0.830

HRBI1 - GU 0.01 1.000

7,28,56 days UCS HRB2 - GU 0.25 0.989
HRB3 - GU -0.08 1.000

7 days UCS HRBI1 - GU 0.18 0.976
HRB2 - GU 0.11 0.992

HRBI1 - GU 441 0.008

FDR-BC 28 days UCS HRB3 - GU :3.16 0.034
HRBI1 - GU 0.50 0.847

56 days UCS HRB3 - GU 2.13 0.195
HRBI1 - GU -0.29 0.941

7,28,56 days UCS HRB3 - GU 0.21 0.969
HRBI1 - GU 2.64 0.072

7 days UCS HRB2 - GU 1.48 0.375
HRB3 - GU 1.03 0.623

HRBI1 - GU 4.12 0.009

28 days UCS HRB2 - GU -1.58 0.328
FDR-Koss HRB3 - GU -2.32 0.114
HRB1 - GU 0.55 0.901

56 days UCS HRB2 - GU -1.21 0.515
HRB3 - GU -1.20 0.520

HRB1 - GU 0.45 0.944

7,28,56 days UCS HRB2 - GU -0.45 0.943
HRB3 - GU -0.61 0.872
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Table 4.8 Results of Dunnett's Multiple Comparisons on Strength Growth Patterns

I et T = 7
ou s 008 0.9%
FDR-NL HRBI 576_:2288 _114333 8888
o S —
HRB: s i 0397
ou s o 0.9
PRI e —
HRB: s ot 0000
ou s i 0.67
FDR-Koss HRBI 576_-2288 _-l(i 5637 822(1)
o  —
HRD: s 205 0150

4.3.3. Modulus of Elasticity

Typical plot of the modulus of elasticity test data from the six cycles loading is shown in
Figure 4.12. The modulus of elasticity values were computed as the slope of the secant line
joining the maximum stress point and the stress point corresponding to 50 micro-strain.
ASTM C 469 suggests not to include the data from the first cycle in the modulus of elasticity
calculation. Hence, the modulus of elasticity of a specimen was determined as the average of

the secant moduli which were computed based on the second and subsequent cycles data.

The modulus of elasticity of 28 days moist cured specimens is shown in Figure 4.13.

These values vary from 2400 MPa to 15,400 MPa. From Figure 4.13, it can be seen the
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modulus of elasticities of FDR-Koss mixes are less than the corresponding FDR-NL and
FDR-BC mixes due to the higher RAP content in the FDR-Koss mixes. In contrast, FDR-BC
mixes contain more RAP than FDR-NL but the MOE of FDR-BC mixes are higher than the
corresponding FDR-NL mixes. This was because of the weaker aggregates and higher
injurious clay content of FDR-NL materials (as shown in Table 4.2). This indicates, in this
case, the aggregate quality and clay content had more pronounced effect on the MOE than the

RAP proportion had.

ANOVA and Dunnett’s simultaneous tests were performed to assess the effects of
the different binders on the MOE of the mixes. The results of the tests are shown in Table 4.9
and Table 4.10, respectively. The statistical tests on the overall MOE dataset (FDR-NL, FDR-
BC and FDR-Koss, altogether) and on MOE of FDR-NL mixes indicated the MOE of the
different mixes was not affected by the binder type. On the contrary, the MOE of FDR-BC
and FDR-Koss were significantly affected by the binder type. Dunnett’s 95% confidence
interval showed the sources of the variation in the MOE of the FDR-BC and FDR-Koss mixes
were HRB1 and HRB3 binders. As shown in Figure 4.14, the mixes treated with HRB3 binder
had significantly higher MOE than the corresponding mixes treated with GU cement. The
MOE of FDR-BC mix which were treated with HRB1 binder, however, was significantly
lower than the corresponding GU mix. This effect of HRB1 binder, however, was not
consistent on the other FDR materials (FDR-NL and FDR-Koss) which contained lower and
higher, respectively, RAP than FDR-BC. Thus, the lower MOE of FDR-BC with HRBI

binder could be experimental anomaly.
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Overall, the MOE test results indicated that HRB of similar properties as those used

in this study could provide equivalent stiffness as GU binder without substantial difference in

the binder content.
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Figure 4.12 Typical plot of modulus of elasticity test data
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Figure 4.13 Modulus of Elasticity of 28 days cured specimens
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Table 4.9 Summary of ANOVA Test on MOE Data

FDR Material F-Value P-Value
FDR-NL, FDR-BC, FDR-Koss 0.80 0.504
FDR-NL 0.17 0.914
FDR-BC 134.76 0.001
FDR-Koss 5.21 0.028

Table 4.10 Dunnett's Simultaneous Tests on MOE Data

FDR Material Difference of Levels (in MOE of T-Val Adjusted
ateria mixes with different binder types) -value P-Value
FDR-NL, HRBI1 - GU -0.26 0.988
FDR-BC, HRB2 -~ GU 0.82 0.757
FDR-Koss
HRB3 - GU 0.75 0.801
HRBI1 - GU 0.61 0.871
FDR-NL HRB2 - GU 0.00 1.000
HRB3 - GU 0.14 0.998
HRBI1 - GU -8.10 0.007
FDR-BC
HRB3 - GU 8.31 0.006
HRBI1 - GU 2.36 0.109
FDR-Koss HRB2 - GU 0.24 0.990
HRB3 - GU 3.30 0.027

50
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Figure 4.14 Dunnett's 95% confidence interval for MOE of FDR-BC (left) and FDR-
Koss (right)

A regression analysis on the UCS and MOE data showed the correlation between
the two parameters is significant. The empirical model, shown by Equation (4.1) was
developed using the MOE and UCS data. The plot of the data points and the fitted line along

with the
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Figure 4.15 Plot of MOE test data and regression line
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95% confidence interval (CI) and 95% prediction interval (PI) is shown in Figure 4.15. The

residual plots are shown in Figure 4.16.

MOE(MPa) = exp(7.312 + 0.403 « UCS(MPa))

4.3.4.Indirect Tensile Strength

(4.1)

The tensile strength of cement-treated materials is equally important property as compressive

strength is. In cement treated materials drying shrinkage cracking is often a major problem

that causes premature pavement failure. Shrinkage cracking occurs when tensile stress

developed due to drying exceeds the tensile strength of treated materials.
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In this study, IDT was performed to evaluate typical values and assess the effects of
HRB on the treated FDRm. The test results in Figure 4.17 show the 28 days IDT values of
the eleven mixes are within the range of 0.40 MPa — 0.70 MPa. This shows the 28 days indirect

tensile strength of the mixes is 10% - 20% of their 28 days unconfined compressive strength.

ANOVA and Dunnett’s multiple comparisons were done on the IDT data to assess
whether the observed differences in the IDT of the mixes are statistically significant. The tests
were done on the whole dataset containing all the eleven mixes as well as on the datasets
separated by FDRm types. Table 4.11 and Table 4.12 show the summary of the ANOVA and
Dunnett’s test results, respectively. All ANOVA tests indicated there is no significant
variation in the IDT of the mixes. The Dunnett’s test also confirmed the same except for the
IDT of FDR-NL mix which were treated with HRB3 binder. Figure 4.18 shows this variation
occurred because the IDT of HRB3 treated mixes was significantly higher than GU treated
mixes. Based on the test data and statistical analyses, it can be concluded that the IDT HRB

treated mixes is equivalent to the IDT of the corresponding GU treated mixes.

Table 4.11 Summary of ANOVA on IDT Data

FDR Material F-Value P-Value
FDR-NL, FDR-BC, FDR-Koss 1.86 0.161
FDR-NL 3.46 0.071
FDR-BC 1.02 0.459
FDR-Koss 0.92 0.472
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Figure 4.17 Average 28 days indirect tensile strength (IDT)

Level Mean - Control Mean for IDT (MPa)

HRB1 - GU — ° {

HRB2-GU | f . {

HRB3 - GU | ° {
005 0.0 0.05 0.10 0.15 020 025

Figure 4.18 Dunnett's simultaneous 95% confidence interval for FDR-NL mixes
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The model in Equation (4.2) was developed based on the IDT and UCS test data by
nonlinear regression analysis. The plots of the regression line and the residuals are shown in

Figure 4.19 and Figure 4.20, respectively.

IDT(MPa) = exp(—1.4237 + 0.2028 * UCS(MPa)) 4.2)

Table 4.12 Dunnett's simultaneous test on IDT Data

. . Adjusted
FDR Material l.)lffere'nce f’f Levels '(m IDT of T-Value )
mixes with different binder types) P-Value
FDR-NL, HRB1 - GU 1.33 0.424
FDR-BC, HRB2 — GU 0.76 0.792
FDR-Koss
HRB3 - GU 2.32 0.074
HRBI1 - GU 2.28 0.122
FDR-NL HRB2 - GU 1.55 0.342
HRB3 - GU 3.09 0.037
HRB1 - GU 0.69 0.738
FDR-BC
HRB3 - GU 1.43 0.378
HRBI1 - GU 0.00 1.000
FDR-Koss HRB2 - GU 1.18 0.535
HRB3 - GU 1.18 0.535
4.4. CONCLUSIONS

In this study, characterization of cement treated full-depth reclaimed pavement materials was
performed using unconfined compressive strength, modulus of elasticity and indirect tensile
strength tests. The study was conducted using reclaimed materials from three different sources
and four different types of cement, namely, GU cement and three types of hydraulic road

binders. Comparative assessment was conducted to identify the effects of the hydraulic road
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binders on the mechanical properties of the mixes. The mixes with GU cement were used as
a reference or control mixes to perform the comparative assessment. Based on the findings of

the study, the following concluding remarks can be drawn:

J The optimum moisture content of the mixes treated with HRB did not vary
significantly from the control mixes,

. The optimum binder content of the mixes treated with HRB was the same as, or less
than, the corresponding mixes treated with GU cement,

o Hydraulic road binders could make mixes with equivalent early-age and long-term
strength as GU cement,

. The stiffnesses of HRB mixes were equivalent to the corresponding stiffness of GU
mixes;

e  The tensile strengths of HRB mixes were equivalent to the corresponding GU mixes,

To summarize, the study findings revealed that HRB treated full-depth reclaimed
pavement materials can have mechanical properties which are equivalent or even better than
their GU counterparts. Therefore, hydraulic road binders could be a suitable sustainable

alternative binder that can replace GU cement in FDR projects.

Based on the study findings, pavement structure with HRB treated FDRm base layer
is expected to have similar or better performance than the corresponding structure with GU
cement treated FDRm base. However, this should be confirmed through further research on

test sections under actual field conditions.
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5. FATIGUE BEHAVIOUR OF RECLAIMED PAVEMENT
MATERIALS TREATED WITH HYDRAULIC ROAD BINDERS

Summary
Fatigue is one of the most common modes of failure in both flexible and rigid pavements.
Several studies have been conducted to study this phenomenon for pavement materials such
as bituminous mixes, Portland cement concrete, and cement treated aggregates and soils. The
fatigue behaviour of fully reclaimed pavement materials treated with cementitious binders
(FRPMC), however, has barely been studied. FRPMC are composed of reclaimed asphalt
pavement (RAP) aggregates, granular base course/ sub-base aggregate, fine grained soil
particles and 3% — 6% cementitious binders. As a result, FRPMC have different properties
than bituminous mixes and Portland cement concrete. In this study, the fatigue behaviour of
FRPMC was assessed using four-point bending test, which was conducted in strain-control
mode. The objectives of the study were to assess the fatigue life range of FRPMC at different
strain levels, identify the effects of various cementitious stabilizer on the fatigue life and
investigate the response of FRPMC to cyclic loadings. In total, eight mixtures and forty-eight
beam specimens were prepared for the study using the two types of reclaimed materials and
four types of binders. The findings of the study indicated that the type of cementitious
stabilizers did not have significant effect on the fatigue life of FRPMC mixtures. It was also
identified that FRPMC behaves mainly as quasi-brittle while possessing some properties of

viscoelastic materials.
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5.1. Introduction

For pavements with bound structural layers, fatigue is one of the governing factors that dictate
the pavement performance. Fatigue is defined as a process of damage and failure of structures
due to cycling loading (63). Fatigue process involves initiation and propagation of micro-
cracks, and development of micro-cracks into macro-cracks (64). The occurrence of micro-
cracks causes degradation of the modulus or rigidity of the structural layer. This is the
decrease in the ability of the material to resist structural loads. Thus, understanding the fatigue
behaviour of materials is of utmost importance to design and construct stable and durable

structures.

Several studies have been conducted to study the fatigue characteristics of pavement
materials like bituminous mixes (64—72), Portland cement concrete (73—76), and cement
treated aggregates and soil (77-82). The fatigue behaviour of fully reclaimed pavement
materials treated with cementitious binders (FRPMC), however, has barely been studied.
FRPMC are composed of reclaimed asphalt pavement (RAP) aggregates, granular base
course/ sub-base aggregate, fine grained soil particles and 3% — 6% cementitious binders. As
a result, FRPMC have different properties than bituminous mixes and Portland cement
concrete. Compared to both bituminous mixes and Portland cement concrete, FRPMC are
characterised by lower strength and stiffness at room temperature. Typical cross-section of
hot-mix asphalt, cement treated reclaimed pavement materials, and Portland cement concrete
specimens are shown in Figure 5.1. FRPMC are also different from cement treated
aggregates/soils due to the presence RAP aggregates in the reclaimed materials. The RAP
aggregates contain aggregates coated with asphalt film and mastics (blend of asphalt and fine

fractions). These provide FRPMC more flexibility as compared cement treated
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aggregates/soils. Consequently, the fatigue behaviour of FRPMC could be different from the

fatigue behaviour of cement treated aggregates/soils.

In this paper, the fatigue behaviour of FRPMC was investigated using four-point

bending test. The objective of this study is to assess:

o the fatigue life range of FRPMC at different strain levels
e the effects of various cementitious binders on the fatigue life of FRPMC

e the behaviour of FRPMC under cycling loadings

Figure 5.1 Cross-section of bound pavement material specimens: A) Hot-mix asphalt,
B) FRPMC with 60% RAP content, C) Portland cement concrete

5.2. Materials and methods

5.2.1. Materials

Two types of fully reclaimed pavement materials and four types of cementitious binders were

used for this study. The two reclaimed materials were collected from full-depth reclamation
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project sites along Kossuth and Nafziger roads. Both projects were located in Ontario,
Canada. The materials from Kossuth road contained 60% RAP and 40% granular material
while the material from Nafziger road was composed of 80% RAP and 20% granular material.

The properties of the two materials are shown in Figure 5.2 and Table 5.1.
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Figure 5.2 Particle size distribution of reclaimed pavement materials

Table 5.1 Physical Properties and Compositions of Reclaimed Materials

Test Results

Test Description Test Method FDR-Koss FDR-NAF
Composition, RAP : Granular 60:40 80:20
Liquid Limit (%) AASHTO T 89 Non-plastic Non-plastic
Plasticity Index AASHTO T 90 Non-plastic Non-plastic
AASHTO Soil Class AAHTO M 145 A-1-a A-1-a
Micro-Deval Abrasion Loss (%) ASTM D 6928 12.7 11.2
Methylene Blue Value (mg/g) AASHTO TP 57 2.7 2.1
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The cementitious binders used in this study are General Use (GU) cement and three different
types of hydraulic road binders (HRB). Hydraulic road binders are factory made blends of
GU cement and substantial amount of supplementary cementing materials (SCM). The
chemical compositions and physical properties of the four binders are shown in Table 5.2 and

Table 5.3, respectively.

Table 5.2 Chemical Compositions of Binders

Chemical Composition GU HRBI1 HRB2 HRB3
Si02 (%) 19.6 28.4 22.3 26.2
ALO;3 (%) 5.0 7.6 5.7 7.0
Fe203 (%) 3.3 2.1 2.3 2.3
CaO (%) 62.2 49.4 55.4 534
MgO (%) 2.5 7.2 4.7 5.9
SOs (%) 3.9 33 3.7 3.6
Loss on ignition @ 950 (%) 23 1.5 4.3 1.7

Table 5.3 Physical Properties of Cementitious Binders

Physical Properties GU HRBI1 HRB2 HRB3
Autocalve, % Expansion 0.05 0.0 0.0 0.0
Blaine Fineness, m*/kg 383 465 497 389
Compressive Strength at 28 days, MPa 40.5 34.8 41.5 35.0
Fineness, 45um sieve, % retained 4.0 5.0 1.9 4.1
Initial time of set, minutes 90 161 173 153
Sulphate Resistance, % expansion at 6 months 0.014 - 0.005 0.040

5.2.2. Methodology

There is no specific standard test protocol for fatigue assessment of cement treated reclaimed
pavement materials. As a result, in this study, the fatigue assessment was made according to

AASHTO T 321, which is a standard test method to determine fatigue life of compacted hot
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mix asphalt. The test is performed on 380 mm long by 50 mm thick by 63 mm wide beam

specimens.

Total of eight mixtures and forty-eight beam specimens were prepared for the study

using the two reclaimed materials and the four binders. The mixtures were composed of the

reclaimed materials, cementitious binders and water. The binder content in each mixture was

fixed to be 6% regardless of the binder type. The optimum water contents (OMC) and

maximum dry density (MDD) of each mixture were determined using standard proctor test.

The test was performed according to ASTM D 558. The test results are shown in Figure 5.3

and Table 5.4. The results of the standard proctor test were used to proportion and calculate

the amount of loose mixture required to make the beam with the specified dimensions.
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Table 5.4 Mixture Compositions

Reclaimed Binder Binder MDD OMC Water/Binder
Material Type Type Content (%) (g/cm?) (%) (ratio)

GU 6 1.98 59 1.04
HRBI1 6 2.02 5.6 0.99
FDR-Koss HRB2 6 1.97 5.3 0.93
HRB3 6 2.01 5.0 0.88
GU 6 1.91 34 0.60
HRBI1 6 1.87 5.2 0.92
FDR-NAF HRB2 6 1.91 3.7 0.65
HRB3 6 1.91 5.0 0.88

e Test Specimens Preparation

The beam specimens were prepared using a purpose designed steel mould shown in Figure
5.4a. The internal dimensions of the steel mould were designed to have the standard beam
dimensions specified in AASHTO T 321. To make a beam, the loose mixture was prepared
and placed in the steel mould. Then the mixture was compacted first manually using a tamping
rod and then using hydraulic compression machine, as shown in Figure 5.4b. The rate of
loading of the compression machine was set to be 1 mm/minute to avoid the disintegration of
the coarser fractions in the mix. The level of compaction was controlled by monitoring the
displacement of the top plate. The target level of compaction would be attained when the edge
of the top plate fully touches the mould. After compaction of the loose mixture is completed,
the mould parts were disassembled and the freshly compacted specimen was left to set for 6
— 12 hours. The specimen was then moved to the humidity chamber where it was cured for
28 days at room temperature and relative humidity of 100%. After 28 days of curing the
specimen was taken out of the humidity chamber and a nut was attached at the middle length

along the neutral axis. The beam was then put into the environmental chamber of the testing
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machine and conditioned at 20°C for a minimum of 2-hours before the test. The beams after
28 days of curing and a beam with the attached nut are shown in Figure 5.4d and Figure 5.4e,

respectively.

d |

Figure 5.4 Preparation of beam specimens a) steel mould, b) compaction of loose mixtures,
¢) compacted mix in the mould, d) beam specimens after 28 days of curing, d) beam
with a nut glued at the middle length along neutral axis

o Four-point bending test

After the two hours of conditioning, the test specimen was placed in the testing frame, shown
in Figure 5.5. The test was performed at constant temperature of 20° C and constant loading
frequency of 5 Hz in a strain-controlled mode. The test was conducted at three strain levels:
200, 250 and 300 micro- strains on duplicate specimens. These strain levels were selected
after trial tests were conducted on dummy specimens, which were made with Kossuth
mixtures. The strain-levels for the trial tests were 150, 200, 250, 300, 350, 400, 500 micro-

strains. The test with 150 micro-strain was lengthy and could not be completed after 2.5-days.
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Figure 5.6 Typical force and displacement signals of a test ran at 200 micro-strain

In contrast, the tests with 350 micro-strain and higher strain levels were very short and
completed rapidly indicating abrupt drop in the stiffness of the specimens. Therefore, the

actual experiment was conducted within the mentioned narrow range of strains.

To be consistent, the same strain levels were used to conduct the test on Nafziger
mixtures. At each strain level, duplicate specimens were tested from each mixture.
Accordingly, 24 specimens with Kossuth mixtures and 24 specimens with Nafziger mixtures,
total of 48 specimens were prepared for the test. The testing device was set to provide a
repeated sinusoidal loading good enough to induce the specified tensile strain at the bottom
of the test specimen. Here, it is worth noting that although a sinusoidal loading is applied, the
specimens’ response may not be perfectly sinusoidal due to non-linear behaviour of the test
specimens and the non-homogeneity of the stress-strain field within the specimen (64).

However, the response signals can be approximated with sinusoidal functions. The test set up,
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and typical force and displacement (deflection) signal recorded during a test conducted at 200

micro-strain are shown in Figure 5.5 and Figure 5.6, respectively.

The stiffness of the test beam at the 50™ load cycle was considered as the initial
stiffness per AASHTO T 321 recommendation and used for the analysis. In this study, all of
the fatigue tests were terminated once the initial stiffness of the test specimens was reduced

by 60%.

5.3. Results and discussion
The first step in the data analysis was the computation of stress, tensile strain and flexural
stiffness based on the amplitude of the force and the deflection of the specimen. This was

done using Equation (5.1), Equation (5.2) and Equation (5.3) per AASHTO T 321

recommendation.
0.357P
Oy = o2 (5.1)
where:
ot = tensile stress at bottom of beam
P = load applied by actuator, N
b = average specimen width, m
h = average specimen height, m
126h
& = 37 2a2 (5.2)
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where:

g = tensile strain at bottom of beam

0 = deflection at center of beam, m

a = space between inside clamps = 0.119 m

L = length of beam between outside clamps = 0.357 m.

S=—= (5.3)

where:

S = flexural stiffness

5.3.1. Phenomenological fatigue analysis
In a phenomenological approach the relationship between the peak stress or peak strain and
the number of load repetitions to failure is identified experimentally (65,66). The commonly
known definition of fatigue life is the number of load repetition corresponding to 50 %
reduction in the initial stiffness of the test specimens (64,66,83). The fatigue life of the eight
mixtures, in this study, are shown in Table 5.5 and typical plot of the fatigue test data is shown
in Figure 5.7. As shown in the test results, fatigue life of duplicate specimens had large
variations at 200 and 250 micro-strain for some of the tests. This variation was smaller for the

tests at 300 micro-strain.
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Figure 5.7 Typical flexural stiffness vs number of load repetition curves for the same mix

Table 5.5 Fatigue Test Results

Binder  Strain x 10 _ EDR-Koss _ FDR-NAF
Type mm/mm ‘ Initial N; ‘ Initial N;
Stiffness, MPa Stiffness, MPa
GU 200 208 431,290 140 11,850

200 226 1,005,600 147 66,599
250 212 76,999 164 8,050
250 150 89,549 63 5,450
300 175 11,100 88 5,900
300 184 12,100 152 4,850

HRB1 200 218 1,055,000 162 64,299
200 157 916,389 121 41,099
250 203 160,350 81 16,200
250 258 412,795 160 22,699
300 199 14,500 61 3,950
300 108 22,599 79 6,600

HRB2 200 206 116,848 192 25,099
200 186 142,700 181 77,599
250 206 9,450 162 10,400
250 148 84,399 138 8,650
300 195 6,000 178 3,450
300 178 10,100 108 2,050

HRB3 200 242 706,490 186 130,148
200 185 80,699 148 164,000
250 211 28,249 73 45,849
250 166 21,149 196 119,598
300 160 7,416 157 5,600
300 171 13,950 154 3,050
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To evaluate the effect of the various binders and RAP content on the fatigue life,
two-way analysis of variance (ANOVA) and multiple comparison with Dunnett’s method
were performed. The results of the ANOVA test, as shown in Table 5.6, indicated that the
fatigue life was not significantly affected by the type binder used to stabilize the reclaimed
materials. Dunnett’s multiple comparisons indicated that the fatigue life of all of the HRB
mixtures is equivalent to the fatigue life of GU mixtures. This indicates the hydraulic road
binders of the type used in this study can make mixtures with the same fatigue performance

as GU mixtures. The results of Dunnett’s multiple comparison test are shown in Figure 5.8.

Table 5.6 ANOVA Test Result for Fatigue Life

Source F-value P-value
Reclaimed Materials 7.79 0.008
Binder Type 1.28 0.293
Reclaimed Materials*Binder Type 1.57 0.212
Level Mean - Control Mean for Fatigue Life Level Mean - Control Mean for Fatigue Life
S | - HRBI-GU | e ‘ NAF
HRB2-GU | . HRB2-GU | °
HRB3 - GU f . SRS CO } * {
750000  -500000  -250000 0 250000 500000 50000 25000 0 25000 50000 75000 100000 125000
If an interval does not in zero, the corresponding mean is significantly different If an interval does not contain zero, the corresponding mean is significantlv different
from the control mean. from the control mean.

Figure 5.8 Results of Dunnett's multiple comparisons for simultaneous 95% confidence
interval

On the other hand, the type of reclaimed materials had statistically significant effect

on the fatigue life of the mixtures. As shown, in Figure 5.9, the fatigue life of all but one of

71



Nafziger mixtures are less than the fatigue life of the corresponding Kossuth mixtures. All
Kossuth and Nafziger mixtures have the same binder content. The major difference between
Kossuth and Nafziger mixtures is the RAP content. Nafziger material contained 20% more
RAP than Kossuth material. According to this study, the mixture with higher RAP content
had lower fatigue life. This contradicts with the findings of the previous works (84,85), which

did not find a distinct trend between RAP content and fatigue life.
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mFDR-Koss ®FDR-NAF

Figure 5.9 Comparison of fatigue life of FDR-Koss and FDR-NAF mixtures

The relationship between the fatigue life and peak tensile strain can be represented

with one of the traditional fatigue models, shown in Equation (5.4). This is the model that fits

well with the fatigue test results. The model parameters, shown in Table 5.7, were determined

for the two reclaimed material mixtures using a regression analysis. The plots of load
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repetition to failure versus peak tensile strain for Kossuth and Nafziger mixtures are shown

in Figure 5.10 and Figure 5.11, respectively.

Nr=axéeb (5.4)

where:

a and b = material constants (model parameters)

Nr = number of load repetition to failure

€ = peak tensile strain (X 10 mm/mm)

1.LE+07
N;=2E+25€8:573

z R2=0.7531
-5
5 LE+06 0
8 . °
e e
; ' ............ Y
g LBs e Tl L
2 g e o
m ....... '
= 1.E+04 H
g
[
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Figure 5.10 Fatigue curve for FDR-Koss mixtures
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Figure 5.11 Fatigue curve for FDR-NAF mixtures

Table 5.7 Fatigue Model Parameters

Material Type a b R?
FDR-Koss 2E+25 -8.573 0.75
FDR-NAF 6E+20 -6.926 0.81

5.3.2. Energy-based methods

The fatigue test results indicated that there was a considerable phase lag between the load
application and material response. The initial phase angles measured during the laboratory
tests ranges 10 — 15 degrees. This indicated that part of the energy applied to the test
specimens was dissipated in the process which is common for viscoelastic materials. Typical
plots of the phase angle versus number of load repetitions and flexural stiffness versus phase
angle are shown in Figure 5.12 and Figure 5.13. It has been shown that the fatigue life of

bituminous mixtures and Portland cement concrete is related to the energy dissipated during
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Figure 5.13 Evolution of phase-angle with flexural stiffness

the cycling loading (65,66,71,83,86). For a beam specimen tested under sinusoidal loading,
the dissipated energy is computed as the area under the stress-strain hysteresis loop
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Stress, kPa

(65,83,87,88). The typical hysteresis loop of a test in this study was illustrated in Figure 5.14.

The area under a hysteresis loop can be approximated using the Equation (5.5) (65,71,83,87).

W; = m o; € sing (5.5)

where,
W; = dissipated energy at load cycle 1
o; = stress amplitude at load cycle i
&i = strain amplitude at load cycle i

¢ = phase shift between stress and strain at load cycle i

20 | |
18+
10
5| //
0r .
Stable loops between 14,000
-5 and 168,000" cycles
10 - B
The red curves are hysteresis
15 ‘ | | logps at the final stage of the test
-0.5 0 0.5 1 1.5 2 25

Strain, mm/mm %107

Figure 5.14 Hysteresis loop of the test on FDR-Koss + HRB1 mixture conducted at 250
micro-strain
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The cumulative dissipated energy to failure of the test specimen is computed as the sum of

the area of all the hysteresis loops. This is given by Equation (5.6).

Wyr = X7 0; & Sing (5.6)

where,

Wnt = cumulative dissipated energy

The relationship between fatigue life and cumulative dissipated energy can be
characterised by the models shown by Equation (5.7) and Equation (5.8). These models were
established for bituminous mixtures by Tayebali et. al (87). However, it was found out that
the models can be used for the materials in this study, as well. The parameters for the model
in Equation (5.7) were determined using non-linear regression analysis; whereas the
parameters of the model in Equation 5.8 were determined using Excel’s GRG Nonlinear
optimization. The model parameters for the models in Equation (5.7) and Equation (5.8) are

presented in Table 5.8 and Table 5.9.
CDE = A (N;)° (5.7)
where,
CDE = cumulative dissipated energy

Nt = number load repetitions to failure

A, z = material constants
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Fitted Line Plot
CDE = 4.63582 * Nf ~ 0.69825
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Figure 5.15 Fitted line and experimental data point of Kossuth mixtures
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Figure 5.16 Fitted line and experimental data points of Nafziger mixtures
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Table 5.8 Parameters of the Model in Equation (5.7)

Material Type A z
FDR-Koss 4.64 0.70
FDR-NAF 1.62 0.72

The plots of the experimental data and the fitted curves of the model in Equation
(5.7) are shown in Figure 5.15 and Figure 5.16. In these figures, CI stands for confidence
interval and PI stands for prediction interval. Figure 5.17 and Figure 5.18 illustrated the
fatigue life measured experimentally and predicted by Equation (5.8) for FDR-Koss and FDR-

NAF mixtures, respectively.

1
A 1-z
Ny = ()
f T €2 S, sing (5-:8)
where

Nt = Number of load repetitions to failure

€o = Initial applied strain

So = initial flexural stiffness,

¢ = initial phase-angle

A, z = material constants

Table 5.9 Parameters of the Model in Equation (5.8)
Material Type A z RMSE

FDR-Koss 1.75E-04 0.73 2.17E05
FDR-NAF 9.91E-04 0.48 3.08E04
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Figure 5.17 Measured and predicted fatigue life of Kossuth mixtures

180,000
160,000
140,000

120,000 ' Equality line \
100,000 bt

80,000
60,000

[ J
40,000 *®4 . e @ .
®
20,000 ‘e 4
0 [

Predicted

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000 180,000
Measured

Figure 5.18 Measured and predicted fatigue life of Nafziger mixtures

The models based on cumulative dissipated energy are independent of test methods,

loading modes, loading frequency and temperature (87,89,90). However, these models are
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dependent on mixture formulation. Recent studies (65,66,83,86,88) suggested that the use of
the Rate of Dissipated Energy Change (RDEC) approach to determine and predict the true
fatigue life of the materials. The RDEC is computed as shown in Equation (5.9) and the typical

plot of RDEC versus number of load repetitions is shown in Figure 5.19.

(W -w

RDEC = 56

(5.9)

where,

W;, Wi = dissipated energy of the i™ and j™ cycles (j > i), respectively.

II III

RDEC

v

Number of Load Repetitions

Figure 5.19 Typical evolution of RDEC with number of load repetitions (77,80,82)

As shown in Figure-5.19, RDEC curve was divided into three zones: I, II, III.
Initially RDEC decreases (Zone-I), then remains stable for long time (Zone-II) and finally

increases sharply (Zone-III) indicating fracture of the specimen. The RDEC in the stable zone
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is called plateau value (PV). PV is considered to be independent of material type and loading
method (65,86). For viscoelastic materials, PV was stated to have a unique relationship with
fatigue life of various mixtures regardless of the mode of loading and the loading rate
(65,83,91). The transition point between Zone-II and Zone-III of the RDEC curve is
considered as the onset of the true fatigue failure (91).

However, the RDEC curve of all of the mixtures in this study did not show a sharp
increase after Zone-II even after the initial stiffness was dropped by 60%. The typical RDEC
curve of the mixtures was illustrated in Figure 5.20. This could be because the macroscopic
cracks were not developed in the test specimens even after their initial stiffness was dropped
by 60%. In all of the test specimens, visible cracks or fracture were not encountered at the end
of the tests. The typical condition of the test specimens after fatigue test is shown in Figure

5.21.

%107

RDEC

_2 | | | | | |
0 2 4 6 8 10 12 14 16 18

Number of Load Repetitions x10%

Figure 5.20 Typical plot of RDEC versus number of load repetitions
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Figure 5.21 Condition of test specimens after fatigue test

The fact that the test specimens did not break after the test might not be surprising
as the test was conducted on strain-controlled mode. In strain-controlled test the applied stress
decreases with the loading cycle. As a result, the energy applied to the test specimen decreases
with the number of load repetitions and hence clear fracture will not be developed in the
specimen (83). The typical plots of stress-strain evolution and the evolution of dissipated

energy with the number of load repetitions were shown in Figure 5.22 and Figure 5.23.

Another interesting point worth noting is the RDEC value of all mixtures in the study
fluctuates around zero as shown in Figure 5.20. As a result, the PV value for the mixtures
can not be recognized and hence the unique fatigue relationships can not be developed. D. Lei
et al. (86) stated that the energy method based on RDEC is not applicable to quasi-brittle

materials like concrete as the RDEC values are close to zero. According to D. Lei et al.(86)
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for materials like concrete, the hysteretic energy is mainly dissipated causing a damage. For
viscoelastic materials the hysteretic energy is dissipated mainly in the form of heat and only
part of the dissipated energy causes damage to the test specimen. Accordingly, it can be
inferred that the materials in the study possess the blended properties of viscoelastic and

quasi-brittle materials.

¥
Strain, mm/mm

Stress, KPa

10 L | L L 1 | L 1 19
0 2 < 6 8 10 12 14 16 18

Number of Load Repetitions x10%

Figure 5.22 Typical stress and strain evolution with loading cycles
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Figure 5.23 Evolution of dissipated energy (J/m®) with number of load repetitions
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5.3.3. Effects of binder types on phase-angle and cumulative dissipated energy

The plots of the initial phase-angle and cumulative dissipated energy for all of the eight
mixtures were shown in Figure 5.24 and Figure 5.25. To assess the effects of the cementitious
binders on the phase-angles and cumulative dissipated energy, two-way ANOVA and
multiple comparison were performed. The ANOVA result in Table 5.10 indicated that the
initial phase-angle was not affected by the binder type. This was supported by Dunnett’s
multiple comparison as shown in Figure 5.26. Also, the initial phase-angle of both FDR-Koss

and FDR-NAF mixtures did not show significant variations.
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Figure 5.24 Initial and final phase-angle

The ANOVA and multiple comparison on the cumulative dissipated energy (CDE)
also indicated the binder type did not have significant impact on the CDE. However,
according to the results in Table 5.11, the CDE could vary significantly based on the type of

reclaimed materials. The results of Dunnett’s multiple comparison for CDE were shown in
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Figure 5.27. According to the statistical analyses, the behaviour of hydraulic road binder

mixtures to repeated loading were equivalent to those of GU mixtures.
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Figure 5.25 Cumulative dissipated energy
Table 5.10 ANOVA for Phase-angle
S F-Value P-Value
ource
Binder Type 0.70 0.559
Material Type 1.37 0.248
Binder Type*Material Type 0.38 0.766
Table 5.11 ANOVA for Cumulative Dissipated Energy
Source F-Value P-Value
Binder Type 1.68 0.188
Material Type 12.28 0.001
Binder Type*Material Type 1.92 0.142
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Figure 5.26 Dunnett's multiple comparison for phase-angle of FDR-Koss and FDR-NAF
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Figure 5.27 Dunnett's multiple comparison on CDE

5.4. Conclusions

The fatigue behaviour of FRPMC was investigated using four-point loading test. The

assessment was done on eight different types of mixtures, which were composed of two types
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of reclaimed pavement materials and four different types of cementitious stabilizers. Three of

the four stabilizers were hydraulic road binders and the remaining one was GU cement.

The phenomenological and energy-based methods of fatigue analyses were
performed, and the fatigue model parameters were determined based on the experimental
results. These can be used to design semi-rigid pavements with FRPMC base layer. The study

findings can be presented as:

e The type of stabilizers used in this study did not significantly affect the fatigue life
of the mixtures indicating that the fatigue performance of HRB mixtures and GU
mixtures would be equivalent

e Even though FRPMC are cement treated materials, they showed the properties of
viscoelastic materials

e The rate of dissipated energy change of FRPMC was similar to that of quasi-brittle
materials in Zone-II of the RDEC versus number of load repetition plot.

e The plot of RDEC versus number of load repetition of FRPMC mixtures did not
indicate a sharp increase in Zone-III, which is not typical for bituminous mixtures

neither for Portland cement concrete.

Further studies should be conducted to address the effects of binder content, temperature,
loading rate, loading mode and testing methods on the fatigue performance of the FRPMC

mixes. It is also recommended to verify the laboratory findings through field trial sections.
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6. EFFECTS OF HYDRAULIC ROAD BINDERS ON LIFE-CYCLE
IMPACTS OF FULL-DEPTH RECLAMATION

Summary
Approximately 5% of the global anthropogenic carbon dioxide (CO2) emissions are generated
from cement manufacturing. Production of 1 kg of ordinary Portland cement produces 0.81 —
0.87 kg CO». The main source of the emissions in the cement industry is the calcination
process in which huge amount of fossil energy is consumed and limestone is decarbonized.
To reduce the amount of CO; emission associated with cement production, various studies
proposed different approaches. Among these is partial substitution of the clinker in the
Portland cement with supplementary cementing materials (SCM). Cementitious binders
containing SCM and specifically designed for application in road construction are called
hydraulic road binders (HRB). In this study, comparative LCA was conducted to assess the
effects of different HRB on the overall environmental impacts of full-depth reclamation
process. The study was performed by integrating three major tasks: material characterization,
pavement design and performance prediction, and life cycle assessment. Three different types
of hydraulic road binders and general use cement were used to stabilize reclaimed pavement
material containing 60% RAP. Pavement design and performance prediction was done using
AASHTOWare Pavement ME and the life cycle impact assessment was performed with
Athena Pavement LCA software. The results of the analysis indicated that using hydraulic
road binders in full-depth reclamation process could reduce global warming potential by up

to 27%.
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6.1. Introduction

Approximately 5% of the global anthropogenic carbon dioxide (COz) emissions are generated
from cement manufacturing (4,5). Production of 1 kg of ordinary Portland cement produces
0.81 — 0.87 kg CO2 (92,93). The main source of the emissions in the cement industry is the
calcination process in which huge amounts of fossil fuel is consumed and limestone is
decarbonized. To reduce the amount of CO> emissions associated with cement production,
various studies (6,12,40,41,94,95) have proposed different approaches. Among these is partial
substitution of the clinker in the Portland cement with supplementary cementing materials
(SCM). This process converts ordinary Portland cement to blended cement. Compared to
ordinary Portland cement, blended cements have less environmental impact, requires less

energy and consumes fewer material resources (42,43).

Blended cements that are specifically designed for applications in road construction
works are known as hydraulic road binders (HRB). These are factory blends made for
treatment of bases, sub-bases, capping layer and embankment materials (44,96). The standard
requirements for composition and properties of HRB are given in the European standard EN

13282-1 and EN 13282-2 (44,96).

Previous works in similar topics mainly focused on the LCA of the pavement and
pavement rehabilitation options (97-104), development of approaches for performing
pavement LCA (105-107) and LCA of binders like cement and ground granulated blast
furnace slag (93,94,108—113). Chiu et al. (103) conducted LCA to evaluate the eco-burden of
different recycled materials used in pavement milling and overlay. The materials used were

recycled hot mix asphalt, asphalt rubber and Glassphalt. The life cycle impact assessment
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method used for the analysis was Eco-indicator 99. The findings of the analysis indicated that
the use of recycled hot mix asphalt and asphalt rubber could reduce the eco-burden by 23%
whereas Glassphalt increases the eco-burden 19%. Cross et al. (104) compared the
environmental burdens associated with four types of pavement rehabilitation techniques using
PaLATE (Pavement Life-Cycle Assessment Tool for Environmental and Economic Effects).
The rehabilitation techniques considered in analysis were pavement cold in-place recycling
(CIPR) with and without additional aggregates, mill and fill overlay, and two-course overlay.
The results of the analysis indicated that CIPR without the addition of aggregates is the best
and two-course overlay is the least preferred options from the life-cycle impact perspective.
Giani et al. (98) conducted a cradle-to-grave analysis to identify the combined effect of using
RAP and Warm Mix Asphalt (WMA) in pavement rehabilitation. The analysis was conducted
on three pavement types in the form of comparative assessment. Each pavement type was
composed of three layers: surface course, binder course and base course. The first pavement
contains virgin materials and hot mix asphalt (HMA) in all of its three layers. This pavement
was considered as a reference pavement or base case scenario. The second pavement type
contained 10% and 20% RAP in its surfacing and binder layers, respectively. The surface and
binder layer of the third pavement was the same as the second pavement but its base course
was composed of 30% RAP and WMA. This analysis indicated that the use of RAP and WMA
could result in 12% reduction of COzeq, 15% reduction in energy consumption and 15%
reduction in water demand (98). Turk et al. (99) compared the environmental impacts
associated with traditional pavement reconstruction and pavement rehabilitation with cold in-
place recycling technique. In the cold in-place recycling process, Portland cement was used

as a binder. The analysis indicated that the rehabilitation with cold in-place recycling would
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reduce acidification potential, abiotic depletion of fossil fuels, and energy consumption by
15% - 18%. However, the global warming potential of both alternatives was similar. The
higher global warming potential of cold in-place recycling was due to the huge amount of
emissions related to the production of Portland cement (99). In general, all of the reviewed
analyses indicated that the use of RAP and cold in-place recycling technologies would reduce

the environmental impacts to a certain extent.

However, it was indicated that the use of Portland cement in cold in-place recycling
process would increase the global warming potential (99). This problem could be overcome
by using blended cements instead of Portland cement. Huntzinger and Eatmon (93) conducted
an a cradle-to-gate LCA to compare the environmental impacts of three types of blended
cement with the traditional Portland cement. The first blend was composed of natural
pozzolans whereas the second and third blends contained cement kiln dust (CKD). The
difference between the second and the third blend was that the third blend was produced using
CKD to sequester portion of CO> emissions. The study findings indicated that substituting the
clinker with natural pozzolans can reduce the impacts associated with clinker production by
21.6%. The sequestration of CO2 by CKD would reduce CO; emissions and environmental
impacts of cement by 5%. However, the use of CKD as a recycled material to produce blended
cement of the second type have little environmental benefit (93). Li et al. (109) studied the
environmental impact of utilizing blast furnace slag as an additional raw material in the
manufacture of cement. In this study, the effects of incorporating 10% blast furnace slag was
assessed by considering the slag as a co-product of pig-iron. The results of the study showed
that slag-based cement could reduce the environmental impacts by 17%. Abiotic depletion

potential and land use potential could also be reduced by 72% and 41%, respectively.
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However, the human toxicity potential could increase by 9% as the blast furnace slag is not

readily grindable.

The literature highlighted that certain level of environmental savings can be attained
by using blended cements in lieu of Portland cement. However, more research is needed on a
range of cement blends in different regions to have a broader and more comprehensive
understanding of the environmental profile of these products. In this study, life cycle
assessment (LCA) was used to evaluate the life cycle impacts associated with the use of HRB

and GU cement in a full-depth reclamation (FDR) process.

6.2. Material and Methods

Mix Design

4

Flexible Pavement Design

4

Semi-rigid Pavement Design

4

Performance Prediction, Evaluation
and Comparison

Life Cycle Assessment

Figure 6.1 Life assessment methodology
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The LCA approach followed in the study was indicated in the flow-chart in Figure 6.1. The
first step was formulating the mixture proportions of the cement-treated reclaimed material to
determine the maximum dry density and optimum moisture content. Next, a flexible pavement
that represent an existing aged pavement was designed using AASHTOWare Pavement ME.
Then semi-rigid pavements containing stabilized reclaimed material as a base layer were
designed. Finally, life cycle assessment was used to compare the effects of the different
stabilizers on the overall environmental impacts of the semi-rigid pavement. These are

detailed in Section 6.2.2 and Section 6.2.3.

6.2.1. Material

e Reclaimed material
For the purpose of this study a reclaimed material with 60% reclaimed asphalt pavement
(RAP) and 40% crushed coarse aggregate (Granular A) was collected from a full-depth
reclamation project site in Ontario, Canada. The physical properties of the reclaimed material

are shown in Figure 6.2 and Table 6.1.
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Figure 6.2 Particle size distribution of the reclaimed material
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Table 6.1 Properties of Reclaimed Material

Description Test Method Results
Liquid limit (%) AASHTO T 89 Non-plastic
Plasticity index AASHTO T 90 Non-plastic
AASHTO Soil Class AASHTTO M 145 A-1-a
Micro-deval Abrasion Loss (%) ASTM D 6928 12.7

o Cementitious binders
Four different types of cementitious binders, three HRB and GU cement, were used for
comparison. The three hydraulic road binders are designated as HRB1, HRB2, HRB3. The
physical properties and chemical composition of the binders are shown in Table 6.2 and

Table 6.3, respectively.

Table 6.2 Physical Properties of Cementitious Binders

Physical Properties GU HRB1 HRB2 HRB3
Autocalve, % Expansion 0.05 0.0 0.0 0.0
Blaine Fineness, m?/kg 383 465 497 389
Compressive Strength at 28 days, MPa 40.5 34.8 41.5 35.0
Fineness, 45um sieve, % retained 4.0 5.0 1.9 4.1
Initial time of set, minutes 90 161 173 153
Sulphate Resistance, % expansion at 6 months  0.014 - 0.005  0.040

Table 6.3 Chemical Composition of Binders

Chemical Composition GU HRBI HRB2 HRB3

Si02 (%) 19.6 28.4 223 26.2

ALO;3 (%) 5.0 7.6 5.7 7.0

Fe203 (%) 33 2.1 23 2.3

CaO (%) 62.2 49.4 55.4 53.4

MgO (%) 2.5 7.2 4.7 5.9

SOs (%) 3.9 33 3.7 3.6

Loss on ignition @ 950 (%) 2.3 1.5 4.3 1.7
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6.2.2. Methods

This study was conducted in three stages. The first stage was mixture design for the
stabilization process. In this stage the optimum binder and moisture content required to
stabilize the reclaimed material was determined. The second stage was pavement design and
performance prediction. This was done to determine the pavement layer compositions and
anticipated pavement performance. The sets of information from stage one and stage two were
important to quantify the material requirement, set system boundary, and compute other life
cycle inventory data. The details and findings of the first and second stages are discussed in
the following two subsections of the manuscript. The final stage, which is the main focus of
this study, is life cycle assessment. The life cycle assessment was conducted according to ISO

14040/14044 framework using Athena Pavement LCA software.

e  Mix design
Mix design involves determination of the optimum mixing water and optimum binder
(stabilizer) contents. The optimum mixing water content was determined by standard proctor
test according to ASTM D 558. The optimum binder content is often determined as the
minimum binder content that provides 7 days unconfined compressive strength (UCS)
between 2.1 MPa — 2.8 MPa (7). However, with the reclaimed material used in this study, the
minimum acceptable UCS value was not attained even with 6% binder content. As mixes with
higher cementious binder content are often vulnerable to shrinkage cracking, the binder
content was not increased beyond 6%. Thus, the binder content of 6% was used for the
stabilization purpose. The optimum mixing water content (OMC), maximum dry density
(MDD), wet density at optimum moisture content (MWD), optimum binder content (OBC),

along with 7 days and 28 days UCS are shown in Table 6.4.
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Table 6.4 Properties of Stabilized Mixtures [MDD = maximum dry density, MWD =
wet density at optimum moisture content, OMC = optimum moisture content, OBC =
optimum binder content]

MDD MWD OMC oOBC days 28 days

Mixture Type (gm) kem') 6 8 ypo by
GU-Mix 1980 2100 59 6.0 1.6 2.5
HRB1-Mix 2020 2130 5.6 6.0 1.3 3.0
HRB2-Mix 2010 2106 5.0 6.0 1.5 2.8
HRB3-Mix 1970 2064 53 6.0 1.7 3.5

e Pavement design and performance prediction
It was assumed that full-depth reclamation was chosen to rehabilitate an aged two-way minor
arterial road, which was designed and used for 20 years. The aged road was assumed to have
initial annual average daily truck traffic (AADTT) of 900 with an annual growth rate of 3%.
The pavement structure of the aged pavement was designed as a flexible pavement using
AASHTOWare Pavement ME, version 2.2.5. Subgrade resilient modulus of 35 MPa was used

to design the pavement structure. The designed pavement structure is shown in Table 6.5.

Table 6.5 Designed Pavement Structure for Existing Aged Pavement

Layer Type Material Type Thickness (mm)
Asphalt wearing course Ontario SP 12.5 mm 80
Asphalt binder course Ontario SP 19 mm 100
Granular base course Granular A 400
Granular sub-base Granular B 500

Then the pavement structures containing the stabilized reclaimed pavement as a base
layer was designed for a design period of 15 years. These represent the pavement structure

after the application of full-depth reclamation. The pavement design was done as semi-rigid

97



pavement again using AASHTOWare Pavement ME, version 2.2.5. The stabilized base is
composed of the 180 mm bituminous layer and part of the underlying granular base of the

existing aged pavement.

Typical properties of the granular base, granular sub-base and asphalt concrete
recommended by Ministry of Transportation of Ontario (MTO) (114) were used to design the
pavement structures. However, the properties of the stabilized reclaimed pavement materials
were determined experimentally for all binder types. The laboratory test results are shown in

Table 6.6.

Table 6.6 Stabilized Layer Properties for Semi-rigid Pavement Design

Mixture Type ]2252;;\:’0&;};; R(l;%né;eyls\jll(\)/?ggs Poisson’s Ratio
GU-Mix 2420 0.66 0.24
HRBI1-Mix 2834 0.67 0.20
HRB2-Mix 2420 0.69 0.24
HRB3-Mix 2664 0.60 0.20

The initial two-way AADTT used to design the semi-rigid pavement was 1,272. This
was the anticipated traffic volume at the end of the design period (20 years) of the original
flexible pavement with initial AADTT of 900. The annual traffic growth rate was assumed to
remain the same, which is 3%, over the design period of the pavement. Since the properties
of the four stabilized mixes are similar, the pavement structure that fulfills the design criteria
is the same for all of the four binder mixes. The designed pavement structure is shown in
Table 6.7 and summary of the predicted distress intensity at the end of the pavement design

period (15 years) is shown in Table 6.8.
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Considering a total analysis period of 50 years, the analysis period after the full-
depth reclamation process was set to be 30 years. As a result, the performance of the
pavements after rehabilitation was forecasted over a period of 30 years using AASHTOWare
Pavement ME. This was done to assess whether the slight variations in the properties of the
stabilized base of the four cementious mixes have significant effect on the progression of
major distresses. As shown in Figure 6.3, the anticipated permanent deformation and
transverse crack density are the same regardless of the type of binder used to stabilize the
reclaimed material. The densities of bottom-up and top-down fatigue cracks, however, are
slightly affected by the binder types. Likewise, Figure 6.4 shows the growth in the roughness

of the pavements over the 30 years analysis period is the similar irrespective of the binder

type.

Table 6.7 Designed Pavement Structure for the Rehabilitated Pavement

Layer Type Material Type Thickness (mm)
Asphalt concrete wearing course Ontario SP 12.5 40
Cement bound base Stabilized reclaimed pavement 300
Granular base course Ontario Granular A 280
Granular sub-base Ontario Granular B 500

Furthermore, the Pavement Condition Index (PCI) of the four pavements was
computed using the pavement distress data forecasted by AASHTOWare Pavement ME over
the period of 30 years. The PCI calculation was conducted using the formulae given in MTO’s
Pavement Design and Rehabilitation Manual (115), which are shown by Equation (6.1) and

Equation (6.2).

PCI = Max(0, Min(100,13.75 + 9 x DMI — 7.5 x IRI)) (6.1)
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where DMI = distress manifestation index, which is computed using Equation (6.2).

0 * (208-3X (S+Dr)xWy)
208

DMI =1 (6.2)

where:
N = number of distress related to a given pavement type
Sk = severity rate of distress k
Dy = density rate of distress k

Wi = weighting factor of distress k

Table 6.8 Predicted Performance of Pavements with Stabilized Base

Distress at Specified Reliability
. Target :
Distress Type Y Predicted
Reliabilit
Y Target “UGU HRBI HRB2  HRB3

Terminal IRI (m/km) 85 2.30 2.04 2.04 2.04 2.04
Permanent deformation - total

pavement (mm) 85 13.00 5.50 5.47 5.50 5.50
AC total fatigue cracking: bottom up 85 50.00 1.98 736 1.08 1.98

+ reflective (% lane area)
AC total transverse cracking:
thermal + reflective (m/km)

85 47340 340.46 34046 340.46 340.46

AC bottom-up fatigue cracking (%) 50 20.00 0.00 0.00 0.00 0.00
AC thermal cracking (m/km) 50 190.00  0.19 0.19 0.19 0.19
AC top-down fatigue cracking 85 38000 3932 3931 3932 3932
(m/km)

f;rmm)anent deformation - AC only 85 600 042 043 042 042

Chemically stabilized layer - fatigue

fracture (percent lane area) i 25.00 1.54 1.92 1.54 1.54

Using PCI as key pavement performance indicator, performance deterioration
curves were plotted for the four pavement structures. As shown in Figure 6.5, performance
deterioration trend of the pavements is not affected by the slight variation in the properties of

the stabilized base layer.
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Therefore, it is reasonable to assume that the performance of the pavement would
be the same throughout the analysis period regardless of the binder type used to stabilize the
base layer. Moreover, the remaining life and conditions of the pavement at the end of the

analysis period could also be assumed to be the same irrespective of the binder type.
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Figure 6.5 Performance deterioration curves

6.2.3. Goal and Scope of LCA

The goal of the LCA is to assess the environmental impacts associated with substituting GU
cement with hydraulic road binders as stabilizers in full-depth reclamation process. The
analysis also aims at evaluating viability of HRB as alternatives to GU cement from
environmental impact perspectives. The analysis was performed with comparative LCA to

identify the binder(s) with the least environmental impacts.

102



e Product System
The product system of this study entails pavement in-place recycling with full-depth
reclamation using hydraulic road binder as a stabilizer for conditions in Ontario, Canada. In
full-depth reclamation process, the existing aged road is pulverized in-place, blended with
stabilizers (binders) and compacted to form a stable base layer. A thin hot mix asphalt (HMA)
layer is often placed over the stabilized base to provide a smooth riding surface. A prime coat
is applied between the stabilized base and the HMA layer to ensure good bond between the
two layers. In this study, three different types of hydraulic road binders (HRB1, HRB2, HRB3)
were considered. The HRB systems were compared to the reference system which uses GU

cement, in lieu of HRB, as a stabilizer. The product system and reference system are shown in

Figure 6.6.
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Figure 6.6 Cradle-to-construction gate boundary for life-cycle assessment of pavement
systems using either HRB (hydraulic road binder) or GU (general use) cement
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Alternate Scenarios for Pavement Structure
Pavement design criteria varies across regions, as do other factors such as energy mix,
transportation mode, manufacturing methods, and material extraction. To assess the
consistency of the LCA results, a scenario analysis was conducted by considering road
rehabilitation in both Manitoba and Quebec. This required verifying whether the pavement
structure designed for Ontario is structurally adequate for Manitoba and Quebec. This was
done with AASHTOWare Pavement ME by changing the climate data, material properties
and design criteria. The material properties and design criteria were set up using the Canadian
Guide: Default Parameters for AASHTOWare Pavement ME Design (116). The pavement

structures used for the scenario analysis are shown in Table 6.9.

Table 6.9 Pavement Structure for Scenario Analysis

Material Type Thickness
Layer Type )
Manitoba Quebec (mm)
Asphalt concrete wearing course SP 12.5 ESG 10 40
Cement bound base Stabilized reclaimed pavement 300
Granular base course Granular A MG 20 280
Granular sub-base Granular B MG 112 500

Functional Unit and Reference Flows

The function of the systems is defined as providing a surface for vehicles to move over, which
in this case is a rehabilitated minor arterial road. The functional unit of the analysis is 1 km-
lane of a two-lane (3.75 m width per lane) minor arterial road with a design period of 15 years
and first year AADTT of 1,272. The AADTT was assumed to have an annual growth rate of

3% over the design period of 15 years. The amount of materials required to meet the
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functional unit (a.k.a reference flow) for the various pavement structures are shown in Table

6.7.

o System Boundary
The system boundary (i.e. stages of life cycle included) for this study is cradle-to-construction
gate, and includes raw materials extraction, processing or manufacturing of construction
materials, pavement rehabilitation, and all related transportation. The use, road maintenance
and end-of-life stages are excluded from the system boundary because it was assumed that all
the pavements have the same performance over the analysis period. There is no difference in
the impacts at these stages. This assumption was based on the results of the pavement

performance prediction discussed in Section 6.2.2.

6.2.4. Life Cycle Inventory

The materials quantity required per functional unit of the rehabilitated pavement was
computed based on the pavement layer composition shown in Table 6.7 and mix design data
shown in Table 6.4. The electricity and fossil fuel requirements of each process was set using
the data in Athena Pavement LCA database. Similarly, the data for the emissions associated
with each process were based on the database of Athena Pavement LCA. Transportation
distances in Athena Pavement LCA database were found reasonable considering the locations
of the asphalt plants and rock quarries from a hypothetical road in Ontario. Summary of the

life cycle inventory are shown in Table 6.10.
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Table 6.10 Life Cycle Inventory

Pavement containing base layer stabilized with:
GU HRBI HRB2 HRB3

Flow/Functional unit

Materials

Asphalt concrete (kg) 369,000 369,000 369,000 369,000

Emulsified asphalt (kg) 13,460 13,460 13,460 13,460

RAP aggregate (kg) 1,254,488 1,274,805 1,260,441 1,235,304

Coarse aggregate crushed stone (kg) 836,325 850,669 841,084 824,310

Portland Cement (kg) 132,300 - - -

HRBI (kg) - 136,586 - -

HRB2 (kg) - - 135,047 -

HRBS3 (kg) - - - 131,936

Water (Liter) 139,388 134,190 132,678 136,998

Energy

Electricity From Athena Pavement LCA database

Fossil fuel From Athena Pavement LCA database

Transportation

Distance of material processing plant to construction site

) 30

Distance of site to stockpile (km) 30

Distance of equipment depot to site (km) 30

Distance from aggregate extraction to crusher plant (km) 69

Distance from bitumen manufacturing to HMA plant
(km) 300

Distance from fine aggregate extraction to HMA plant

P 46

In Athena Pavement LCA the cradle-to-gate
transportation of these materials are included in LCI
of the products and reported as Manufacturing
Material effects

Distance of GU cement and SCM

Performance year/Design period (years) 15

6.2.5. Limitations of the Analysis

Athena Pavement LCA does not consider the energy input and emissions output related to the
blending process, in which SCM is blended with GU cement. This was one of the limitations
of this study. Because of this reason, the data related to the blending process were manually
calculated using typical blending machine’s specification and LCI data in Athena Institute
publication (117). The emissions were first converted into global warming potential and then

added to the global warming potential of the manufacturing stage directly obtained from the
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software. Likewise, the energy calculated for this process was added to the total primary

energy. The detailed calculation is shown in Appendix-2.

The other limitation was the absence of field performance data for the pavement
types considered in this study. As a result, the pavement performance over the chosen design

period was predicted using AASHTOWare Pavement LCA as explained in Section 6.2.2.

6.2.6. Life Cycle Impact Assessment (LCIA)

The LCIA methodology in Athena Pavement LCA is TRACI V 2.1, which is the US EPA
Tool for Reduction and Assessment of Chemical and Other Environmental Impacts (118).
The results of the LCIA are presented in terms of six mid-point impact categories, namely:

e (Global warming potential

e Acidification potential

e Human health particulate

e Eutrophication potential

e Ozone depletion potential and

e Smog potential

All of these impact categories were used in the study to compare the environmental impacts

of the pavement with each binder.

In addition to the impact categories, Athena Pavement LCA also provides the energy
consumption of the life cycle stages in three forms as Total Primary Energy, Non-Renewable
Energy, and Fossil Fuel Consumption. Total primary energy consumption shows all the direct

and indirect energy involved throughout the whole life cycle stages (118). Based on its
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description, the total primary energy is equivalent to the cumulative energy demand of the
product system. Non-renewable energy consumption represents the consumption of energy
that comes from fossil fuel and nuclear while Fossil fuel consumption indicates the energy
that comes from fossil fuel only (118). Non-renewable and Fossil fuel consumption are
subsets of the Total primary energy consumption. In this study, the energy consumption in all

of the three forms are presented to identify and compare the energy demand of the products.

6.3. Results and discussion

The LCIA results were interpreted to identify the potential impacts of the HRB pavements
and compare with the respective potential impacts of GU pavement. The interpretation was
done considering the uncertainty on the LCIA data and the results of the scenario analysis.

Further discussion on this is provided in the subsequent sections.

6.3.1. Comparison of HRB and GU full-depth reclamation
The results of life cycle impact assessment are shown in Table 6.11 and Figure 6.7. For
simplicity, the pavements under comparison were designated by the prefix ‘P’ and type of
binders used in the rehabilitation process. Accordingly, the designation of the four pavements
became P-GU, P-HRBI1, P-HRB2 and P-HRB3. In absolute values, the LCIA results indicated
that P-GU have higher environmental impacts than the corresponding HRB pavements. This
is true for all impact categories except Ozone depletion potential (ODP), in which HRB

pavements have higher impacts.

In terms of energy consumption, P-GU consumes more energy than HRB

pavements. A closer look at the energy consumptions indicates that more than 95% of the
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energy comes from non-renewable sources (which includes fossil fuel and nuclear), mainly
fossil fuel. According to the LCIA results, fossil fuel alone contributes about 90 % of the total
primary energy consumed by the entire rehabilitation processes of each pavement type.

Comparisons of the energy consumptions are shown in Table 6.11 and Figure 6.8.
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Figure 6.7 Comparison of life cycle impacts relative to impacts of GU pavement

The Athena Institute has declared that there is an uncertainty margin of 15% in LCIA
results of Athena Pavement LCA, meaning the impact measures of two design scenarios are
considered to be the same if the difference between them is less than 15% (118). As shown in
Table 6.12, the differences between the impacts of P-GU and P-HRB3 pavements are less
than 15% for all impact categories. This indicates that P-HRB3 would have the same level of
potential impacts as P-GU pavement. The potential impacts of P-HRB2 are also equivalent to
the corresponding impacts of P-GU pavement for all impact categories except ODP. The ODP
of P-HRB2 is significantly higher than P-GU pavement. Similarly, the differences between

P-HRB1 and P-GU pavements are insignificant for most impact categories, except global
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warming potential and ODP. The ODP of P-HRBI is higher than P-GU but the global
warming potential of P-HRBI1 is substantially lower than that of P-GU. This indicates that the
global warming potential can be reduced by 27 % if HRBI is used in lieu of GU cement in
the rehabilitation process. HRB1 is the binder with the lowest Calcium/Silica ratio of all the

four binders.

Table 6.11 Summary of Potential Environmental Impacts and Energy Consumptions

Impact Category Unit GU HRB1 HRB2 HRB3

Global Warming Potential kg CO; eq 244,270 179,331 210,519 212,115

Acidification Potential kg SO, eq 1,307 1,125 1,244 1,214
Human Health Particulate kg PM2.5 eq 178 161 170 166
Eutrophication Potential kg N eq 86 76 81 79
Ozone Depletion Potential kg CFC-1leq  1.54E-03 2.03E-03 1.91E-03 1.65E-03
Smog Potential kg O3 eq 20,723 17,573 19,139 18,857
Total Primary Energy Ml 3,905,213 3,374,626 3,739,189 3,696,933
Non-Renewable Energy MJ 3,781,804 3,298,235 3,644,601 3,592,944
Fossil Fuel Consumption MJ 3,499,372 3,059,836 3,362,307 3,320,713

Overall, the LCIA results indicated that the environmental merits of the hydraulic
road binders are not the same with all binder types. The environmental merits of some binders
(like HRB2 and HRB3) might not be significant when used in full-depth reclamation process.
However, binders like HRB1 could have significant saving in greenhouse emissions although
their ODP is relatively high. To compare and rate the binders based on a single indicator, the
potential impacts of each category should be summed up by using a weighting factor. The
weighting factors corresponding to each impact category should be determined based on the
level of damage they will inflict. Therefore, further analysis using end-point impact indicators

should be conducted to determine the level of damages related to each impact category.
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Figure 6.8 Comparison of energy consumptions relative to consumption of GU pavement

Table 6.12 Comparison of Differences in Impact Measures and Energy Consumptions

Impact Category Unit Difference in impact measures (%)

GU - HRBI1 GU - HRB2 GU - HRB3

Global Warming Potential % kg CO, eq 26.5 13.7 13.1
Acidification Potential % kg SO, eq 13.9 4.8 7.1
Human Health Particulate % kg PM2.5 eq 9.4 4.7 6.7
Eutrophication Potential % kg N eq 11.6 6.2 8.0
Ozone Depletion Potential kg CFC-11eq -31.8 -24.0 -7.1
Smog Potential % kg O3 eq 15.2 7.6 9.0
Total Primary Energy % MJ 13.5 4.2 53
Non-Renewable Energy % MJ 12.8 3.6 5.0
Fossil Fuel Consumption % MJ 12.6 3.9 5.1

e [mpact contribution analysis
The impacts presented in this study are related to two major life cycle stages, namely, material
manufacturing and pavement rehabilitation. The ‘use’ and end-of-life phases were excluded
from the analysis for the reasons stated in Section 6.2.3. The impacts in the manufacturing

stages are related to the manufacturing of industrial products like GU cement. The impacts
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associated with the pavement rehabilitation stages include the environmental impacts due to
extraction, processing and transportation of construction materials (like crushed coarse
aggregate, processing of SCM), the full-depth reclamation, prime coat application and paving

processes.

For the sake of comparison, the results of LCIA from the pavement rehabilitation
stages were split into two groups, viz., ‘materials and equipment’ and ‘transportation’. The
‘materials and equipment’ represents all the impacts related to the entire rehabilitation
activities. ‘Transportation’ indicates the impacts due to all transportation activities involved

in the pavement rehabilitation stage except for transportation of GU cement.

The results of contribution analysis indicate that pavement rehabilitation stage is the
major source of the impacts for all categories (Figure 6.9 A-F). About 70% of global warming
and acidification potentials and 90% of human health particulate, eutrophication potential and
smog potentials are attributed to the pavement rehabilitation stage. Moreover, 70% of the total
primary energy consumption is due to the activities in this stage (Figure 6.10A). The
transportation in the pavement rehabilitation stage contributes to about 10% of global
warming potential and human health particulates emissions. Transportation also contributes
to 20% of acidification and eutrophication potentials, and 34 — 40% of smog potential. The
energy consumed by the transportation activities accounts for 10% of the total primary energy

consumption of the entire processes.

Comparing the impacts associated with the manufacturing stage, one may observe
that the differences among all pavement types are insignificant. This could be because Athena

Pavement LCA considers the SCM in the HRB as products with associated environmental
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impacts, not as industrial by-products with no environmental loads. The summary of the
impact contributions and energy consumption break down of the life cycle stages are shown

in Table 6.13.

Table 6.13 Impact Contribution and Energy Consumption of Life Cycle Stages

Impact Life Cycle Life Cycle Stage Contribution (%)
Category Stage Subcategory
GU HRB1 HRB2 HRB3
Global Manufacturing Manufacturing 29.5 329 35.1 33.5
Warming Pavement Material and Equipment  60.7 54.6 53.7 55.6
Potential Rehabilitation Transportation 9.8 12.5 11.2 10.9
. ) Manufacturing Manufacturing 29.6  28.1 31.7 31.3
Acidification . .
Potential Pavement Material and Equipment 52.7 52.6 49.9 50.3
Rehabilitation Transportation 17.7 19.3 18.4 18.4
Manufacturing Manufacturing 11.0 9.9 11.8 11.6
Human Health . .
. Pavement Material and Equipment ~ 81.8 82.7 80.8 81.0
Particulate e .
Rehabilitation Transportation 7.2 7.4 7.4 7.4
Eutrophicati Manufacturing Manufacturing 9.8 9.0 10.6 10.4
HoP 1c'a 1o Pavement Material and Equipment ~ 73.5 73.3 71.8 72.1
Potential . .
Rehabilitation Transportation 16.7 17.7 17.6 17.5
Ozone Manufacturing Manufacturing 15.6 9.7 12.9 14.3
Depletion Pavement Material and Equipment ~ 84.3 90.3 87.1 85.6
Potential Rehabilitation Transportation 0.1 0.0 0.0 0.1
Manufacturing Manufacturing 12.9 12.4 14.3 13.9
Smog Potential Pavement Material and Equipment ~ 51.7  48.5 48.0 48.7
Rehabilitation Transportation 354  39.1 37.7 37.4
. Manufacturing Manufacturing 33.0 312 35.4 34.6
Total Primary . .
Ener Pavement Material and Equipment ~ 58.0 58.8 55.1 56.0
&y Rehabilitation Transportation 90 100 95 94
Non-R bl Manufacturing Manufacturing 334 31.2 354 34.6
on:EneeI;ewa © Pavement Material and Equipment ~ 57.4 58.8 55.1 56.0
&y Rehabilitation Transportation 92 100 95 94
: Manufacturing Manufacturing 303 282 32.2 314
Fossil Fuel . .
Consumption Pavement Material and Equipment ~ 59.7 61.1 57.6 58.5
P Rehabilitation Transportation 10.0 10.7 10.2 10.1
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Figure 6.9 Life cycle stages contribution to A) global warming, B) acidification, C) eutrophication, D) human health particulate
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e Scenario Analysis
The results of the scenario analysis are shown in Table 6.14 along with the original analysis
results. The analysis results indicate the impacts and energy consumptions of pavements in
Manitoba and Quebec have the same trend as Ontario. P-HRBI1 is the only pavement type that
have less environmental impact relative to P-GU in both cases. The global warming potential
associated with P-HRBI is less than that of P-GU by 21% in Manitoba and 20% in Quebec.
The differences in the impact measures of all other categories are not significant for all

pavement types.

Likewise, the contribution analysis on both Manitoba and Quebec pavements
indicated that the impacts and energy consumptions due to ‘material and equipment’ are the
highest for all impact categories except smog potential of Quebec pavements.
‘Transportation’ and ‘Material and Equipment’ of HRB pavements have the same

contribution to potential smog in Quebec.
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Table 6.14 Summary of Scenario Analysis

Impact Category Unit Location GU HRBI1 HRB2 HRB3
Global Warming Ontgrio 244,270 179,331 210,519 212,115
Potential kg CO, eq Manitoba 237,230 188,515 202,741 205,956
Quebec 243,671 194,890 209,086 212,148
Acidification Ontgrio 1,307 1,125 1,244 1,214
Potential kg SO, eq Manitoba 1,267 1,179 1,202 1,180
Quebec 1,330 1,243 1,266 1,243
Human Health Ontgrio 178 161 170 166
Particulate kg PM2.5eq Manitoba 177 165 168 165
Quebec 179 167 171 168
Eutrophication Ontgrio 86 76 81 ks
Potential kg N eq Manitoba 84 77 79 78
Quebec 88 81 83 82

Ontario 1.54E-03  2.03E-03 1.91E-03 1.65E-03

Ozone Depletion kg CFC-1leq Manitoba 1.31E-03  1.84E-03  1.68E-03  1.43E-03

Potential Quebec  131E-03  1.84E-03  1.68E-03  142E-03
Ontario 20,723 17.573 19.139  18.857
Smog Potential kg O3 eq Manitoba 19,825 17,751 18,332 18,153
Quebec 22,080 20,045 20613 20382
Total Pritmary Ontario 3905213 3,374,626 3739189 3,696,933
Enerey MJ Manitoba  3.779.538  3.530284  3.597.522  3.586.652

Quebec 3,764,636 3,514,807 3,581,468 3,568,188

Ontario 3,781,804 3,298,235 3,644,601 3,592,944

Non-Renewable MJ Manitoba 3,606,468 3,395,841 3451243 3431514

Energy Quebec 3,591,145 3,382,350 3,437,155 3,414,976

Ontario 3,499,372 3,059,836 3,362,307 3,320,713

Fossil Fuel

. MJ Manitoba 3,524,852 3,320,605 3,374,211 3,356,676
Consumption

Quebec 3,510,009 3,307,601 3,360,602 3,340,609

Comparison of pavements of the same binder showed that Manitoba’s P-GU, P-
HRB2 and P-HRB3 pavements have 1 — 4 % less impacts and consume 1 — 5 % less energy
than the Ontario counterparts. On the contrary, Manitoba’s P-HRB1 has 1 — 5 % higher impact
measures and consumes 5% more energy than Ontario’s P-HRB1 pavement. The main source

of the variations was the manufacturing stage.

Similarly, Quebec’s P-HRB1 pavement causes 5 — 15% more impacts and consumes
4% more energy than Ontario’s P-HRB1 pavement. However, the impact levels of the other
pavement types (P-GU, P-HRB2 and P-HRB3) are equivalent in Ontario and Quebec. The
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only exception is the smog potential, which is 7% more in Quebec pavements. Quebec’s P-
GU, P-HRB1 and P-HRB2 pavements consume 4% less energy than the Ontario counterparts.
The impacts and energy consumptions associated with transportation are highest in Quebec
pavements. Unlike Manitoba, the variations between the Ontario and Quebec pavements

come from both transportation and manufacturing stage.

Overall, the scenario analysis indicated the ranking of the binders based on
environmental impacts and energy consumption remains the same regardless of the project
location. This indicates that the LCIA results would follow similar trend in Canada provided
that the assumptions made regarding pavement performance and transportation distances do

not vary substantially.

6.4. Conclusions

In this study, the environmental impacts associated with different cementitious stabilizers,
which can be used in full-depth reclamation process, were assessed using LCA. The study
was performed by integrating three major tasks, namely, material characterization, pavement
design and performance prediction, and life cycle assessment. Three types of hydraulic road

binders: HRB1, HRB2, HRB3, and GU cement were used for the analysis.

Comparison based on absolute values indicated that the potential environmental
impacts and energy consumptions can be reduced by 4% — 25 % by using HRB in lieu of GU
cement in full-depth reclamation process. However, due to the 15 % uncertainty margin, only
HRB1 can be considered to have significant merit in reducing environmental impact.

According to this study, using HRBI1 instead of GU cement, can reduce the global warming
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potential by 20 % — 27 %. In general, the following points can be drawn based on the study
findings:
e Use of HRBI1 in full-depth reclamation process would significantly reduce global
warming potential,
e Hydraulic road binders used in this study had less environmental impact than GU
cement for all categories except Ozone Depletion Potential,
e Ozone Depletion Potential of hydraulic road binders was higher than that of GU cement
e None of hydraulic road binder required more total energy demand than GU cement,
e Blending SCM with GU cement may not always reduce environmental impacts and

energy demand significantly.

Based on the analysis, hydraulic road binders with a similar composition as HRB1
could be viable alternatives to GU cement for application in FDR process. But, the end-point
impacts associated with Ozone depletion potential should be identified to make sure that the
damage do not outweigh their other benefits. To confirm this further assessment should be

conducted using end-point impact assessment methods.
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7. CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

7.1. General Summary

The research was conducted with the main purpose of evaluating hydraulic road binders as
alternative stabilizers in full-depth reclamation process. The tasks undertaken to achieve the
purpose can be broadly categorized in to four major groups. These are material

characterization, fatigue performance assessment, pavement design and life cycle assessment.

The study was mainly conducted based on primary data collected from laboratory
tests. To understand the effects of hydraulic road binders on the performance of FRPMC, a
comparative assessment was conducted by using GU cement as a control binder that

represents the base-case scenario.

Four different types of reclaimed pavement materials and four types of types of
cementitious binders were used for the study. The four reclaimed materials were collected
from four different full-depth reclamation projects in Ontario and each had different
compositions. The RAP proportion of the reclaimed materials was in the range of 20% - 80%,

representing low, medium and high RAP content materials.

The laboratory experiments were conducted on test specimens prepared from sixteen
different soil-cement mixtures. The sixteen mixtures were made by blending each of the four
reclaimed materials with the four binders. Therefore, the findings of the research could be
reproduced for other types of reclaimed materials provided that the binders with similar

compositions are utilized.
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7.2. Major Findings and Conclusions

The major findings of this study can be summarized as follow:

The optimum moisture content of the mixes treated with HRB did not vary
significantly from the control mixes

The optimum binder content of the mixes treated with HRB was the same as or less
than the corresponding mixes treated with GU cement

Hydraulic road binders could be used to make mixes with at least equivalent early-
age and long-term compressive strength as GU cement mixes

The stiffness and tensile strength of HRB mixes were equivalent to the corresponding
stiffness and tensile strength of GU mixes

The type of HRB used in this study did not have significant influence on the fatigue
life of the mixtures indicating that fatigue performance of HRB mixtures and GU
mixtures would be equivalent

FRPMC possess the properties of viscoelastic materials even though they are cement
treated materials

The rate of dissipated energy change of FRPMC was similar to that of quasi-brittle
materials in Zone-II of the RDEC versus number of load repetition plot

The plot of RDEC versus number of load repetition of FRPMC mixtures did not
indicate a sharp increase in Zone-III, which is not typical of both HMA and Portland
cement concrete

The use of HRB with the lowest Calcium/Silica ratio would significantly reduce

global warming potential
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e Hydraulic road binders used in this study had less environmental impact than GU
cement for all categories except Ozone Depletion Potential (ODP)

e Ozone Depletion Potential of hydraulic road binders was higher than that of GU
cement

e The total energy demand of HRB pavements were less than GU pavement

e Blending SCM with GU cement may not always significantly reduce environmental

impacts and energy demand.

Based on the study findings it can be concluded that HRB with similar compositions
can be used in full-depth reclamation process without compromising the strength and
durability of the mixtures. However, not all HRB substantially reduce the environmental
impacts and energy requirements. The LCA in this study indicated that only the HRB with

the lowest Calcium/Silica ratio can significantly reduce the global warming potential.

7.3. Significant Contributions

The study touched an important but less-addressed area. As mentioned in the introductory
parts, the use of hydraulic road binders in full-depth reclamation process is not common in
Canada and many other countries. However, as the research findings indicated hydraulic road
binders can be viable alternatives that can replace Portland cement in full-depth reclamation

process. The followings are the major contributions of the study:

e Mechanical properties of HRB treated reclaimed materials were characterized,
e Influences of HRB on mechanical properties of stabilized reclaimed materials were
evaluated

e Response of stabilized reclaimed materials to repeated loadings was studied
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e Empirical models that can be used for mechanistic-empirical pavement design were
established

e Fatigue performance models that can be used to predict pavement performance were
calibrated

e Effects of HRB on the life cycle impacts were studied and reported.

7.4. Recommendations and Future Works

The use of alternative construction materials with less environmental impacts is among the
actions that should be taken to mitigate the looming threat of climate change. Accordingly,
the use of cementitious binders similar to HRB1, which would reduce environmental impact

without affecting performance, should be encouraged.

The study indicated that hydraulic road binders with the right compositions can be
suitable stabilizers for application in pavement rehabilitation works. However, the findings of
the study should be verified and supported by further researches. Future researches should be

conducted to:

e validate the findings of this study based on field trial sections

e cstablish appropriate laboratory test protocols that are specifically designed for
FRPMC

e develop performance prediction models for pavement design

e modify the recipe of the binders for better performance and lower environmental

impacts.
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NonStabilized Crushed gravel 500.0 2020 (20 years) | 3,801,700
Subgrade A-6 Semi-infinite
Design Outputs

Distress Prediction Summary

Distress Type

Distress @ Specified
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Permanent deformation - total pavement (mm)
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Tabular Representation of Traffic Inputs

Volume Monthly Adjustment Factors Level 3: Default MAF

Month Vehicle Class
4 5 6 7 8 9 10 11 12 13
January 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
February 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
March 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
April 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
May 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
June 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
July 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
September 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
October 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
November 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
December 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Distributions by Vehicle Class Truck Distribution by Hour does not apply
. . 'L_\AD_TT Growth Factor
Vehicle Class | Distribution (%)
(Level 3) Rate (%) Function
Class 4 3.3% 3% Linear
Class 5 34% 3% Linear
Class 6 11.7% 3% Linear
Class 7 1.6% 3% Linear
Class 8 9.9% 3% Linear
Class 9 36.2% 3% Linear
Class 10 1% 3% Linear
Class 11 1.8% 3% Linear
Class 12 0.2% 3% Linear
Class 13 0.3% 3% Linear
Axle Configuration Number of Axles per Truck
Traffic Wander Axle Configuration Vehicle |Single|Tandem| Tridem | Quad
Mean wheel location (mm) 460.0 | |Average axle width (m) 2.6 Class | Axle [ Axle | Axle | Axle
Traffic wander standard deviation (mm) | 254.0 | |Dual tire spacing (mm) 305.0 | | Class4 | 1.62 0.39 0 0
Design lane width (m) 3.7 Tire pressure (kPa) 827.4 Class 5 2 0 0 0
Class6 | 1.014 | 0.993 0 0
Average Axle Spacing | | Wheelbase does not apply Class 7 | 1.314| 0.989 | 0.03 0
Tandem axle 15 Class 8 [ 2.163 | 0.845 0 0
spacing (m) Class 9 | 1.055 | 1.968 0.003 0
Tridem axle 17 Class 10| 1.446 | 1.234 [ 0.7 | 0.088
spacing (m) . Class 11| 4546 | 0.168 0 0
%‘;’d axle spacing | 4 5 Class 12 2.857 | 1526 | 0 0
Class 13| 1.201 | 2.058 0.848 | 0.024
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Design Properties

HMA Design Properties
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Layer 3 Non-stabilized Base : .
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Thermal Cracking
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Layer Information

Layer 1 Flexible : Default asphalt concrete

Asphalt

Thickness (mm) 80.0

Unit weight (kgf/m”3) [2390.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A -

Parameter B -

Asphalt Dynamic Modulus (Input Level: 3)

Gradation Percent Passing
19 mm sieve 100
9.5 mm sieve 77
4.75 mm sieve 60
0.075mm sieve 6
Asphalt Binder
Parameter Value
Grade Superpave Performance Grade
Binder Type 64-28
A 10.312
VTS -3.44
151
Reporteq "ith Version: 2.5.5+7117.27682 Createq With version: 2.5.5+7117.27682

on: 22/11/2019 1:55 AM

on: 22/08/2019 1:17 PM
by:

General Info

AAGHIO

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.8
Air voids (%) 7
Thermal conductivity (watt/meter-

kelvin) 1.16
Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier |Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number 0

with version: 2.5.5+7117.27682
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General Info

AAGHIO

Asphalt

Thickness (mm) 100.0

Unit weight (kgf/m”3) [2460.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A

Parameter B

Asphalt Dynamic Modulus (Input Level: 3)

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.2
Air voids (%) 7
Thermal conductivity (watt/meter- 116
kelvin)

Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier

Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

Gradation Percent Passing

19 mm sieve 100

9.5 mm sieve 77

4.75 mm sieve 60

0.075mm sieve 6

Asphalt Binder

Parameter Value

Grade Superpave Performance Grade

Binder Type 58-28

A 11.01

VTS -3.701

152

Reporteq With version: 2.5.5+7117.27682 Createq With version: 2.5.5+7117.27682

on: 22/11/2019 1:55 AM

on: 22/08/2019 1:17 PM

by:

County

Highway

Direction of Travel

From station (km)
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Layer 3 Non-stabilized Base : Crushed stone
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Unbound
Layer thickness (mm) 400.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

250.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |Crushed stone

Description of object

Default material

Sieve

AAGHIO

Liquid Limit

6.0

Plasticity Index

0.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/im”"3)

False 2048.3

Saturated hydraulic conductivity
(m/hr)

False 2.376e-02

Specific gravity of solids

False 2.7

Water Content (%)

False 5.7

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

3.0430

bf

2.5796

cf

0.7550

hr

100.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 1:55 AM

Reported

Created
by:
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Layer 4 Non-stabilized Base : Crushed gravel
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Unbound
Layer thickness (mm) 500.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

150.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier

Crushed gravel

Description of object

Default material

Sieve

AAGHIO

Liquid Limit

11.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/m”3)

False 2012.4

Saturated hydraulic conductivity
(m/hr)

False 6.883e-03

Specific gravity of solids

False 2.7

Water Content (%)

False 8.2

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

5.0935

bf

2.5668

cf

0.8576

hr

108.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 1:55 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 4.0

0.150mm

0.180mm

0.250mm

0.300mm 33.5

0.425mm

0.600mm

0.850mm

1.18mm 55.0

2.0mm

2.36mm

4.75mm 60.0

9.5mm

12.5mm

19.0mm

25.0mm 75.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm
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Layer 5 Subgrade : A-6

Unbound
Layer thickness (mm) Semi-infinite
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

35.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |A-6

Description of object

Default material

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 1:55 AM

Reported

Created
by:

155

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

Sieve

AAGHIO

Liquid Limit

42.0

Plasticity Index

15.0

Is layer compacted?

False

Is User
Defined?

Value

Maximum dry unit weight
(kgf/m”3)

False

1693.8

Saturated hydraulic conductivity

False

3.012e-06

(m/hr)

Specific gravity of solids

False 2.7

Water Content (%)

False 18.2

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

114.8407

bf

0.6389

cf

0.1739

hr

500.0000

Sieve Size

% Passing

0.001mm

0.002mm

25.0

0.020mm

0.075mm

82.0

0.150mm

0.180mm

91.0

0.250mm

0.300mm

0.425mm

95.0

0.600mm

0.850mm

1.18mm

2.0mm

98.0

2.36mm

4.75mm

100.0

9.5mm

100.0

12.5mm

100.0

19.0mm

100.0

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

100.0

A 4 With version: 2.5.5+7117.27682
PPIOVED n: 22/08/2019 1:17 PM
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Calibration Coefficients

Existing Flexible Pavement Structure
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AAGHIO

AC Fatigue
1 kzﬁfz 1 kaﬁf:; k1: 3.75
Ny =0.00432 = C = Briky (5_) (E) k2: 2.87
1
k3: 1.46
— e
c=10 Bf1: (5.014 * Pow(hac,-3.416)) * 1 + 0
vy Bf2: 1.38
M =484 —0.69
(Va TV ) Bf3: 0.88
AC Rutting

fp _ k3,4 10%: Thafra p\rksbrs

£

k: = (C; + C; = depth) = 0.3281964°PtR

£, =—0.1039«HZ + 24868« H, — 17.342
C,=00172+«H:Z —1.7331=H, + 27428
Where:

H,. = total AC thickness(in)

£, = plastic strain("/;, )

&, = resilient strain(*/; )

T = layer temperature( F )

N = number of load repetitions

AC Rutting Standard Deviation

0.24 * Pow(RUT,0.8026) + 0.001

AC Layer 1 K1:-2.45 K2:3.01 K3:0.22

Br1:0.128 Br2:0.52 Br3:1.36

AC Layer 2 K1:-2.45 K2:3.01 K3:0.22

Br1:0.4 Br2:0.52 Br3:1.36

Thermal Fracture

C,=400 *N(

AC = (k* Br]* * A+ AK

Cp= observed amount of thermal cracking(ft/500ft)

k = rofression cosf ficiont determined through field calibration

N() =standard normal distribution evaluated at(])

o = standard deviation of thelog of the depth of cracks in the pavments
€ = crack depth(in)

k. = thickness of asphalt layer(in)

A = Change in the crack depth due to a cooling cycle

AK = Change in the stress intensity factor due to a cooling cycle

A, n = Fracture parameters for the asphalt mixture

logC/h,

)

)

4 _ l 0(4.389— 2.52%0g( B*,, *n)

E = mixture stif fness
oy = Undamaged mixture tensile strength
By = Calibration parameter

Level 1 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 1 Standard Deviation: 0.14 * THERMAL + 168

Level 2 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 2 Standard Deviation: 0.20 * THERMAL + 168

Level 3 Standard Deviation: 0.289 * THERMAL + 168

Level 3 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0
CSM Fatigue

kl IEI'.'-'l C;_Sr)

o, = Tensile stress(psi)
k 2 IEI'.'-'Z

Ny =10

Ny = number of repetitions to fatigue cracking

M, = modulus of rupture(psi)

k1: 0.972

k2: 0.0825 [Bc1: 1

[Bc2:1
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by:
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Unbound Layer Rutting

8, (N) = B ks, (22) e—(§f|

El

8, = permanent deformation for the layer
N = number of repetitions

£, = average veritcal strain{in/in)

£q. 3 p = material properties

£, = resilient strain(in/in)

Base Rutting

Subgrade Rutting

k1: 0.965 [Bs1: 1

k1: 0.675 Bs1: 1

Standard Deviation (BASERUT)
0.1477 * Pow(BASERUT,0.6711) + 0.001

Standard Deviation (BASERUT)
0.1235 * Pow(SUBRUT,0.5012) + 0.001

AAGHIO

AC Cracking

AC Top Down Cracking

AC Bottom Up Cracking

6000

FC =
14 E(I:'.',_sr:';_-l-ﬁ'zsﬁ';.iogmliﬂsitllﬂ};]

)G

Cy
FCppp = «10.56
1 + elEi—Caslogso(Damage)] €, = —2.40874 — 39.748 + (1 + h,,) 255
Ci=—-2%C}
c1: 7 [c2:35  [c3:0 kc4: 1000 c1:1.31  [c2: (0.867 +0.2583 * hac) * 1 |c3: 6000
+0

Top down AC Cracking Standard Deviation

Bottom up AC Cracking Standard Deviation

200 + 2300/(1+exp(1.072-2.1654*LOG10(TOP+0.0001)))

1.13 + 13/(1+exp(7.57-15.5"LOG10(BOTTOM+0.0001)))

CSM Cracking

IRI Flexible Pavements

G 1 - Rutting 23 - Transverse Crack
F(::tb - G + 1 +e 03_ 04 *Ioglo (Dmnqgg) I:E - Fa‘t_igl_]_& Cfack C4 - SitE.' FElCtDIS
c1:0 [c2:75 [c3:2  [c4:2 C1:55 [C2:04 [C3:0.008 |C4:0.015
CSM Standard Deviation
CTB*1

with version: 2.5.5+7117.27682
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Created

157
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vs)
—tEE

Design Inputs
Design Life: 15 years Base construction: May, 2020 Climate Data 43.5, -80.625
Design Type: SEMI_RIGID Pavement construction:  June, 2020 Sources (Lat/Lon) 43, -80
Traffic opening: June, 2020
Design Structure Traffic
Layer type Material Type Thickness(mm) olumetric at Construction: Heavy Trucks
: - Age (year) lati
Flexible Default asphalt concrete 40.0 Effectlveoblnder 118 (cumulative)
Cement_Base Soil cement 300.0 Zci)rn\t/z?(;s( f;/)) =0 2020 (initial) 1,272
(o] .
NonStabilized Crushed stone 280.0 2027 (7 years) 1,721,680
NonStabilized Crushed gravel 500.0 2035 (15 years) | 3,794,600
Subgrade A-6 Semi-infinite
Design Outputs

Distress Prediction Summary

Distress Type DIStreI:ZIi?bﬁiF:;mﬁed sgl’tii?flod"?
Target Predicted Target Achieved .
Terminal IRI (m/km) 2.30 2.04 85.00 94.80 Pass
Permanent deformation - total pavement (mm) 13.00 5.50 85.00 100.00 Pass
Qg;?tal fatigue cracking: bottom up + reflective (% lane 50.00 198 85.00 100.00 Pass
AC total transverse cracking: thermal + reflective (m/km) 473.40 340.46 85.00 99.25 Pass
AC bottom-up fatigue cracking (percent) 20.00 0.00 50.00 100.00 Pass
AC thermal cracking (m/km) 190.00 0.19 50.00 100.00 Pass
AC top-down fatigue cracking (m/km) 380.00 39.32 85.00 100.00 Pass
Permanent deformation - AC only (mm) 6.00 0.42 85.00 100.00 Pass
Chemically stabilized layer - fatigue fracture (percent) 25.00 1.54 - - -
159
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Distress Charts

IRI Total RutDepth (PermanentDeformation)
26 16
2.4 4 2.3 14 13
2.2 = -
2 2.04 E .
€ 21 E
= 1.8 1 10
T e 1.58 £
= 1.6 — S s
=~ ssupee®®® - [a]

o 144 ceeunent®® = - 5.50
a 1.2 Jnemereere™ ___,..__— - é & "._",.......---.........................4|25
“Jinitial IRT: .9 Lee=="—" 4 e ———————

T .---"" _———r—
0.8 235
0.6 . y . . . x . 0
0 2 4 3 8 10 12 14 16 0 2 4 3 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
£
AC total bottom up + reflective cracking (% lane area) ',"-;; AC total thermal + reflective cracking {(m/km)
o0 - g &0
7 % § 500 473/4
E 40 % 400
£ = 340,44
. ) n""
& 23 et l24 1,7
— o —
3 204 (.5;’ 200 - —et?’ a———
o " -t -
= = U o Prag
10- { 1w- lIl-'-l-lIlI.ll.-.l‘OlD'lO "‘
1,93 A T !
o _."""""""".’..""“q."."n*u-.-guu--uuu--na g o . '__—“"'- ! 1 ! !
0 2 4 6 8 10 12 14 16 = 0 2 4 6 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
= Threshold Value ===+ @ SpecifiedReliability ==~ @ S0% Reliability
160
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| Traffic Inputs
I Graphical Representation of Traffic Inputs
Initial two-way AADTT: 1,272 Percent of trucks in design direction (%): 50.0
Number of lanes in design direction: 2 Percent of trucks in design lane (%): 90.0
Operational speed (kph) 100.0
- AADTT Distribution by ¥Yehicle Class Truck Distribution by Hour
&
g"o i - 36.2%
2%
*3 This chart does not apply to the design type
0 35 4
5 11.7% 9.9%
= 101
- e Low |LE% o 0%

a 5 6 7 8 9 10 11 12 13
Vehicle Class

Growth Factor by ¥Yehicle Class Axles perTruck by ¥Yehicle Class

35— —_ 5 4
7
ss|s|e|8|8|s|s8]s G ,
34 a e A
Tandem
—~ 4 - E andeq 2
?_':2‘5 - Tridem
42 3 34 ﬂ] Quad
2 = %
o % Z
e by %
** 7
"é’ 1.5 4 2] 4 / -
o % Z = % =
5 y % Z - Z -
] 7 7 7 o o
O Z 7 s |7 | g =
2 7 %2 7 =
1147 7 7 % 7 7
0.5 Z 7 %
) 7 7
al %
0 ] -ﬁ T Z T T T T
a 5 6 7 8 9 10 11 12 13 4 5 6 7 8 9 10 11 12 13
Vehicle Class Vehicle Class
Traffic Volume Monthly Adjustment Factors
Class 10 | Class 11 | Class 12 ] Class 13
Dec
Now < S 1 3 <
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
161
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Tabular Representation of Traffic Inputs

Volume Monthly Adjustment Factors Level 3: Default MAF

Month Vehicle Class
4 5 6 7 8 9 10 11 12 13
January 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
February 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
March 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
April 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
May 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
June 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
July 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
September 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
October 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
November 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
December 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Distributions by Vehicle Class Truck Distribution by Hour does not apply
. . 'L_\AD_TT Growth Factor
Vehicle Class | Distribution (%)
(Level 3) Rate (%) Function
Class 4 3.3% 3% Linear
Class 5 34% 3% Linear
Class 6 11.7% 3% Linear
Class 7 1.6% 3% Linear
Class 8 9.9% 3% Linear
Class 9 36.2% 3% Linear
Class 10 1% 3% Linear
Class 11 1.8% 3% Linear
Class 12 0.2% 3% Linear
Class 13 0.3% 3% Linear
Axle Configuration Number of Axles per Truck
Traffic Wander Axle Configuration Vehicle |Single|Tandem| Tridem | Quad
Mean wheel location (mm) 460.0 | |Average axle width (m) 2.6 Class | Axle [ Axle | Axle | Axle
Traffic wander standard deviation (mm) | 254.0 | |Dual tire spacing (mm) 305.0 | | Class4 | 1.62 0.39 0 0
Design lane width (m) 3.7 Tire pressure (kPa) 827.4 Class 5 2 0 0 0
Class6 | 1.01 0.993 0 0
Average Axle Spacing | | Wheelbase does not apply Class 7 | 1.314| 0.989 | 0.03 0
Tandem axle 15 Class 8 [ 2.163 | 0.845 0 0
spacing (m) Class 9 | 1.055 | 1.968 0.003 0
Tridem axle 17 Class 10| 1.446 | 1.234 [ 0.7 | 0.088
spacing (m) . Class 11| 4546 | 0.168 0 0
%‘;’d axle spacing | 4 5 Class 12 2.857 | 1526 | 0 0
Class 13| 1.201 | 2.058 0.848 | 0.024

162
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* Traffic cap is not enforced

AADTT(Average Annual Daily Truck Traffic)

AADTT(Average Annual Daily Truck Traffic)
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Climate Inputs
Climate Data Sources: 3 140 - Monthly Rainfall Statistics
U
. 108.20 105.16
Climate Station Cities: Location (lat lon elevation(m)) & 1297 (ALIS) 3601 (1.98) Lots ?ff;s
et : 41.66) . _ SO0
CA, ON 43.50000 -80.62500 369 £ '% 14 qs roso [ (3226 7772 (46747976
@ op 1297215 o5 (30.73) (26.16) (27.84) 83.75
T * 2.9, =
CA, ON 43.00000 -80.00000 210 £ (32.00) (20.57)
~ 604 -
£
E a0
Annual Statistics: Z 201
o
i 0, a 04
Mean annual air temperature (°C) 7.96 c 2 s D s 5 g ST E e
Mean annual precipitation (mm) 1022.60 S = =
Freezing index (°C - days) 521.04
Water table depth
Average annual number of freeze/thaw cycles: 80.61 (m) P 10.00
Monthly Climate Summary:
a0 Monthly Temperature Summary
(=]
P
o
r?
o X Marimum
puu )
"é’ @ Average
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-30 . . . . . : :
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.E 50
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Hourly Air Temperature Distribution by Month:

-25°C to -20°C | -20°C to -15°C | -15°C to -10°C | -10°C to -5°C | -5°Cto0°C | 0°Cto5°C | 5°C to 10°C
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Design Properties

HMA Design Properties

Use Multilayer Rutting Model False Layer Name Layer Type Interface
- - Friction
Using G* based model (not nationally False 3 T Floxible  Default halt
calibrated) oy e e - e ASPRAT Fiexible (1) 1.00
Is NCHRP 1-37A HMA Rutting Model True - — - - —
Coefficients Layer 2 Chemically Stabilized : Chemically Stabilized 1.00
— Soil cement (2)
Endurance Limit - —
Layer 3 Non-stabilized Base : -
Use Reflective Cracking True Crushed stone Non-stabilized Base (4) (1.00
Structure - ICM Properties Ic_;arzs;];lngc:r;;/sglablhzed Base : Non-stabilized Base (4) [1.00
AC surface shortwave absorptivity 0.85 Layer 5 Subgrade : A-6 Subgrade (5) -
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Thermal Cracking

=)

AAGHIO

Thermal Contraction Creep Compliance (1/GPa) (Input Level: 3)
Is thermal contraction calculated? True Loading time (sec) -20 °C -10 °C 0 °C
Mix coefficient of thermal contraction (mm/mm/°C) | - 5.57e-002 |8.57e-002 1.16e-001
Aggregate coefficient of thermal contraction 9.06-006 6.17e-002 1.01e-001 1.51e-001
. )
i/mfg’”?ml’w C) — — 707002 |1.25¢-:001  [2.15e-001
oids in Mineral Aggregate (%) : 10 7.836-002 |1.486-001  |2.80e-001
Indirect Tensile Strength (Input Level: 3) 20 8.68e-002  |1.74e-001 3.65e-001
Test Temperature (°C) |Indirect Tensilte Strength (Mpa) 50 9.94e-002  [2.16e-001 5.19e-001
100 1.10e-001 2.55e-001 6.77e-001
-10.0 2.79
0.6 Creep Compliance {(1/GPa)
o
a
[
-
o
W
.E X -20 °C
_Q AN o
g MW -10 °oC
S @0 °C
Q
o
o
1™
o
-9
04 . . . . . . , . . .
0 10 20 30 40 S0 60 70 20 20 10c
Loading Time {sec)
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HMA Layer 1: Layer 1 Flexible : Default asphalt concrete

laster Curve HMA Layer 1
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-3.
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Yiscosity Curve HMA Layer 1
100
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'3; 104
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°
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.
->
el
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Q
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168
Reporte With Version: 2.5.5+7117.27682 Createq With version: 2.5.5+7117.27682 A 4 With version: 2.5.5+7117.27682
EPOMed on: 22/11/2019 2:07 AM reated on: 22/08/2019 1:17 PM PProved . 22/08/2019 1:17 PM Page 10 of 23

by: by:



Analysis Output Charts

Semi-Rigid Pavement_FDR+GU_ONTARIO

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

vs)
AABHID

IRI
2,64
2.4 — Threshold Value oo @ Specified Reliability - - - @ 50% Reliability
E 2.2+
= 2 .--..--o.-nu.-.-""""."""
St 1.6. .-.-n..u-"-""'"“'..“""“ ---———---—-'
I L0 R e T
B ——-_—-------------"’--
14 ---—-—---------------‘-‘-
0.8+
0.6 . . . . . . . . . . : . : )
0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (years/fdate)
Total Rut Depth {Permanent Deformation)
164
T 14 — Threshold Yalue e @ Specified Reliability --- @ 50% Reliability
£ 121
g
= 104
a
o 27
Q 6
(=4 44 ...,....-::::::::::::_-________-----------,------—---------------—---------’----------.
2{pm===
0 . . . . . . . . . . . . : )
0.1 2.0 4.0 6.0 8.0 10,0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (years/fdate)
AC total bottom up + reflective cracking (%o lane area)
— 607
P —— Threshold Value = @ Specified Reliability --- @ 50% Reliability
~ 501
o
£ 40
X
(=)
® 30
o
= 201
°
= 107
[0 e ot g , . u---p----q--HHHFHHHH"HHIIIFIIII".-IE“‘“““““-----*----“-“~~~
0.1 2.0 4.0 6.0 8.0 10,0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (years/fdate)
m
% AC total thermal + reflective cracking {m/km)
600+
E — Threshold Value =+ @ Specified Reliability --- @ 50% Reliability
o 500
c
D 40c-
‘E 30C
'......o--n --"__,-----—
B 200 e
< --.u""'"."" —oa-"-_
.2 10c ............................------.-.-.-.-....---"""""".""‘..“"” _-———,4'-——
< 0 ---————“"----
= 0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
.‘:!U 2020 2022 2024 2026 2028 2030 2032 2034
[w PavementAge (years/fdate)

Reported With version: 2.5.5+7117.27682
€POMLET 1. 22/11/2019 2:07 AM

169

with version: 2.5.5+7117.27682 A 4 With version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM PPIOVED n: 22/08/2019 1:17 PM
by: by:

Created

Page 11 of 23



vs)
AABHID

Reported With version: 2.5.5+7117.27682
€POMLET 1. 22/11/2019 2:07 AM

m Semi-Rigid Pavement_FDR+GU_ONTARIO
File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx
~ AC Top-Down Damage
£ 0.0001¢,
N
o 0.0001€7 — @surface = (Depth=12.7rmirm)
5 0.000141
€ 0.0001Z7
& 0.0001
; 8E-05-
5 6E-05
8  4E-05
Q
S 2E-051
- 0 - . . . . . . . . . . ; ,
0.1 2.0 4.0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
Paverment Age (years/date)
"y AC Bottom-Up Damage
& 0.00025
N
Q
5 0.000Z
t
o 0.0001%
a
= 0,000
£
SE-05-
B
Q
o 0 : . . . . . . . . . ; . )
0.1 2.0 4.0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (yearsfdate)
E AC Top-Down Cracking {Longitudinal)
~ 500,
3
; 4004 A Threshold Value 3 @ 509 Reliability (Surface) M at 509 Reliability (Depth=12.7mm) @ @Specified Reliability
c
5 30(]
o
S
= O
5
8 10C-
a
R — | | | | ——
[ 0.1 2.0 4.0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
Pavernent Age (years/date)
;.3 AC Bottom-Up Cracking {Alligator)
g, 25
o
=
X
w
2 15
o
a
S 10
e s
B
©
@ 0 Y 1 1 1 1 1 T . 1 \
0.1 2.0 4.0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034

PavementAge (years fdate)

170

with version: 2.5.5+7117.27682 A 4 With version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM PPIOVED n: 22/08/2019 1:17 PM
by: by:

Created

Page 12 of 23



ﬂ Semi-Rigid Pavement_FDR+GU_ONTARIO

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

Rutting (Permanent Deformation) at 50% Reliability
6

Il Total @ Subtotal Subgrade A Subtotal Base ¥ Subtotal AC

Rut Depth {(mm)

1" ------a---------————-—----—-----—---_----___ - -

- - -
- *-
-

,I
..... e lmtem e b =
U = T 1 1 1 1 I I I I I I I I I
0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034

Pavement Age (years/date)

171
Reported With version: 2.5.5+7117.27682 Createq With version: 2.5.5+7117.27682 A 4 With version: 2.5.5+7117.27682
€POMLET 1. 22/11/2019 2:07 AM reated on: 22/08/2019 1:17 PM PPIOVED n: 22/08/2019 1:17 PM Page 13 of 23
by:

by:



Semi-Rigid Pavement_FDR+GU_ONTARIO

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

Asphalt Mid-Quintile Sub-layer Modulus

vs)
AABHID

30000
WACI(1)h=127mm A ACI(2)h =127 mm ® AC1(3) h =152 mm
250001
E ',- g‘.“.‘! o=y o S
200001 ] é [
-~ | i |
o 4 |
& ]
)
'
w J
= 150001 ]
=
-
Q
=
100001 l
J
\e)
1 (%] U 1
ty (/] () ! . 2]
5000-)4 ’ v y v € v 1 13 - v 1
v 9 1 ) o v R v 3 e ] v
0 . . . . . . . . . . . . .
0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (yearsfdate)
Stabilized Base Sub-layer Modulus
£000-
E ?°°°'lct2(4) h3299.7 mm A GE3(S) h£55 Smm @ GB3(EYh=111.5 il X GB3(7) h = f“ i m? GB4(ETh = 111.8 mpn
6000 ] :
Z ol '634(9) h= 111 Smm MGB4(10) hE 111.8 mm A GB4(11) hi 167.8l 3 : g
w - b = ] 3 = . °
2 avoof i H RE. % i ;| £
El 3 = : T : + H =
- 30001 — -: -: o _: H 1 = :
£ 20001 : i : H—i : :
1000- :
[0 it et R el e W e 22 Y y i t LR e e o o . P P e yPye SRS RS L
0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
PavementAge (yearsfdate)
- Non-Stabilized Subgrade Sub-layer Modulus
34]‘~\ W NSGS(12Yh=617.2mm A NSGS(13) h=617.2 mm ® NSGS(14) h =6634.5 mm
-~ 45 ok -
g 32 . -~ ~-~~-~
. ~_~~_---
. 281 % ik LT S |
3 26' ..‘.‘.. --------_--___~----
'g 244 v = -
20.. e | | e e
18
16 , . . . . , . . . . . . , ,
0.1 2.0 4.0 6.0 8.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034

with version: 2.5.5+7117.27682

Reported . 3/11/2019 2:07 AM

PavementAge (yearsfdate)

172

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM
by: by:

Created

A d with version: 2.5.5+7117.27682
PPIOVED n: 22/08/2019 1:17 PM

Page 14 of 23



m Semi-Rigid Pavement_FDR+GU_ONTARIO srougl)

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

Chemically Stabilized Layer Damage

0,14
0,121
-
~— __,/'-
5 0.17 e
"
o g
© 0.081 -
E "‘——
m ’,——"
Q 0.06 P T
b >
w =
© 0.04 _’,.—-"
=
—“”‘
0.024 __',---—
-—"—'-
0 amm=e?” . : . : . : . : ' : ' : ' :
0.1 2.0 4,0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
Pavement Age (years/fdate)
a0 Chemically Stabilized Layer Cracking
— Threshold Value --- @ 50% Reliability
25
'
o 207
£
-
° 15
1
(]
E 10-
(]
5-
-----d------------------------------’-------'
B P e A e e EELL LI ] : . . } ! } .
0.1 2.0 4,0 6.0 2.0 10.0 12.0 14.0
2020 2022 2024 2026 2028 2030 2032 2034
Pavement Age (years fdate)
173
Reported With version: 2.5.5+7117.27682 Createq With version: 2.5.5+7117.27682 A 4 With version: 2.5.5+7117.27682
EPOMed on: 22/11/2019 2:07 AM reated on: 22/08/2019 1:17 PM PProved . 22/08/2019 1:17 PM Page 15 of 23

by: by:



Py

Semi-Rigid Pavement_FDR+GU_ONTARIO

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

Layer Information

Layer 1 Flexible : Default asphalt concrete

General Info

AAGHIO

Asphalt

Thickness (mm) 40.0

Unit weight (kgf/m”3) [460.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A -

Parameter B -

Asphalt Dynamic Modulus (Input Level: 3)

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.8
Air voids (%) 7
Thermal conductivity (watt/meter-

kelvin) 1.16
Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier |Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

Gradation Percent Passing

19 mm sieve 100

9.5 mm sieve 77

4.75 mm sieve 60

0.075mm sieve 6

Asphalt Binder

Parameter Value

Grade Superpave Performance Grade

Binder Type 64-28

A 10.312

VTS -3.44

174
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on: 22/08/2019 1:17 PM
by:

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number 0

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM
by:
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Layer 2 Chemically Stabilized : Soil cement

Semi-Rigid

Chemically stabilized base crack spacing 8
(m)

Chemically stabilized base transverse 50
crack LTE (%)

Fatigue LTE (%) 50
Chemically Stabilized

Layer thickness (mm) 300
Poisson's ratio 0.2
Unit weight (kgf/m*3) 2100
Strength

Elastic/resilient modulus (MPa) p664
Thermal

Heat capacity (joule/kg-kelvin) 1172.3
Thermal conductivity (watt/meter-kelvin) [2.16

Reported

with version: 2.5.5+7117.27682

on: 22/11/2019 2:07 AM

Created

with version: 2.5.5+7117.27682

on: 22/08/2019 1:17 PM
by:

175

AAGHIO

Identifiers
Field Value
Display name/identifier |Soil cement

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM

by:
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Unbound
Layer thickness (mm) 280.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

250.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |Crushed stone

Description of object

Default material

Sieve

Liquid Limit

6.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/im”"3)

False 2048.3

Saturated hydraulic conductivity
(m/hr)

False 2.257e-02

Specific gravity of solids

False 2.7

Water Content (%)

False 7

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

3.0919

bf

2.6074

cf

0.7701

hr

110.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:07 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 5.0

0.150mm

0.180mm

0.250mm

0.300mm 13.5

0.425mm

0.600mm

0.850mm

1.18mm 27.5

2.0mm

2.36mm

4.75mm 45.0

9.5mm 61.5

12.5mm

19.0mm 92.5

25.0mm 100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm
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Unbound
Layer thickness (mm) 500.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

150.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier

Crushed gravel

Description of object

Default material

Sieve

Liquid Limit

11.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/m”3)

False 2012.4

Saturated hydraulic conductivity
(m/hr)

False 6.883e-03

Specific gravity of solids

False 2.7

Water Content (%)

False 8.2

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

5.0935

bf

2.5668

cf

0.8576

hr

108.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:07 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 4.0

0.150mm

0.180mm

0.250mm

0.300mm 33.5

0.425mm

0.600mm

0.850mm

1.18mm 55.0

2.0mm

2.36mm

4.75mm 60.0

9.5mm

12.5mm

19.0mm

25.0mm 75.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm
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Layer 5 Subgrade : A-6

Unbound
Layer thickness (mm) Semi-infinite
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

35.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |A-6

Description of object

Default material

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:07 AM

Reported

Created
by:

178

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

Sieve

AAGHIO

Liquid Limit

42.0

Plasticity Index

15.0

Is layer compacted?

False

Is User
Defined?

Value

Maximum dry unit weight
(kgf/m”3)

False

1693.8

Saturated hydraulic conductivity

False

3.012e-06

(m/hr)

Specific gravity of solids

False 2.7

Water Content (%)

False 18.2

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

114.8407

bf

0.6389

cf

0.1739

hr

500.0000

Sieve Size

% Passing

0.001mm

0.002mm

25.0

0.020mm

0.075mm

82.0

0.150mm

0.180mm

91.0

0.250mm

0.300mm

0.425mm

95.0

0.600mm

0.850mm

1.18mm

2.0mm

98.0

2.36mm

4.75mm

100.0

9.5mm

100.0

12.5mm

100.0

19.0mm

100.0

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

100.0

A 4 With version: 2.5.5+7117.27682
PPIOVED n: 22/08/2019 1:17 PM

by:

Page 20 of 23



Semi-Rigid

Calibration Coefficients

Pavement_FDR+GU_ONTARIO

File Name: C:\Users\admin\Desktop\Eskedil_ME\Kossuth\Semi-Rigid Pavement_FDR+GU_ONTARIO.dgpx

=)

AAGHIO

C,=00172«H2 — 17331« H,

Where:
H,. = total AC thickness(in)

k. = (Cy + C; = depth) = 0.32819647th
C, = —0.1039 « HZ + 2.4868 « H, — 17.342

AC Fatigue
1 kzn‘gfz 1 J:'5213)":; k1: 3.75
Ny =0.00432 % Cx Briky (a) (E) k2: 2.87
k3: 1.46
— M
¢=10 Bf1: 0.02054
Vi Bf2: 1.38
M =484 —0.69
(Vﬂ G ) Bf3: 0.88
AC Rutting
£
)
£ _ 10% s Thafra pfkabrs .
£, zPr1 £, = plastic struiﬂ(mf r'.n.)

&, = resilient strain(*/; )
T = layer temperature( F )

+ 27.428 N = number of load repetitions

AC Rutting Standard Deviation

0.24 * Pow(RUT,0.8026) + 0.001

AC Layer 1

K1:-2.45 K2:3.01 K3:0.22

Br1:0.128 Br2:0.52 Br3:1.36

Thermal Fracture

log Cs’hm_)
o)

AC = (k* Br]* * A+ AK

4 _ l 0(4.389— 2.52%0g( B*,, *n)

C,=400 *N(

Cp= observed amount of thermal cracking(ft/500ft)

k = rofression cosf ficiont determined through field calibration
N() =standard normal distribution evaluated at(])

o = standard deviation of thelog of the depth of cracks in the pavments
€ = crack depth(in)

k. = thickness of asphalt layer(in)

A = Change in the crack depth due to a cooling cycle

AK = Change in the stress intensity factor due to a cooling cycle
A, n = Fracture parameters for the asphalt mixture

E = mixture stif fness

oy = Undamaged mixture tensile strength

By = Calibration parameter

Level 1 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 2 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 3 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0
CSM Fatigue

kl IEI'.'-'l C;_Sr)

F':Z IEIS'Z

Ny = number of repetitions to fatigue cracking
o, = Tensile stress(psi)
M, = modulus of rupture(psi)

k2: 0.0825

Ny =10
k1:0.972

[Bc1: 1 [Bc2:1
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Unbound Layer Rutting

8, (N) = B ks, (22) e—(§f|

El

8, = permanent deformation for the layer
N = number of repetitions

£, = average veritcal strain{in/in)

£q. 3 p = material properties

£, = resilient strain(in/in)

Base Rutting

Subgrade Rutting

k1: 0.965 [Bs1: 1

k1: 0.675 Bs1: 1

Standard Deviation (BASERUT)
0.1477 * Pow(BASERUT,0.6711) + 0.001

Standard Deviation (BASERUT)
0.1235 * Pow(SUBRUT,0.5012) + 0.001

AAGHIO

AC Cracking

AC Top Down Cracking

AC Bottom Up Cracking

6000

FC =
14 E(I:'.',_sr:';_-l-ﬁ'zsﬁ';.iogmliﬂsitllﬂ};]

Cy
FCppp = «10.56
1+ EI:EL_EE*EEHiD(DEmHE}:I C} = —2.40874 — 39.748 « (1 + h,,) 2856
Ci=—-2%C}
c1:7 [c2:35  [c3:0 kc4: 1000 c1:1.31  [c2:2.1585

Top down AC Cracking Standard Deviation

Bottom up AC Cracking Standard Deviation

200 + 2300/(1+exp(1.072-2.1654"LOG10(TOP+0.0001)))

1.13 + 13/(1+exp(7.57-15.5"LOG10(BOTTOM+0.0001)))

CSM Cracking

IRI Flexible Pavements

G
FGw = G+

C1 - Rutting 23 - Transverse Crack

1+e C,- ¢, *Jogio (Damage)

2 - Fatigue Crack  C4- Site Factors

c1:0 [c2:75 [c3:2  [c4:2 C1:55 [C2:04 [C3:0.008 |C4:0.015
CSM Standard Deviation
CTB*1

with version: 2.5.5+7117.27682
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Reflective Cracking

AC = kiﬂhending + kzﬁshaer'mg + kzﬁtherﬂml

AD

_ uikiﬂbending + u:kzﬂ'shmﬁng + uzkzﬂﬂlerﬂml

"!"Elenliing = ﬂ(SIF}tEII
Ashearing = AGSIF)g
Arherma = A(SIF)T

N
D=Zﬂ]}
i=1

RCRz(

Where
AC
AD

a'i"nhend.in; 2 a'i"nshea:ing
An
N

har
ECR
EX_CRK

100
Cd 4 gCslogh

(5IF)z, (SIF)s, (SIF)r
D

ki ko ks G Co, Cs, Ca, Cs

2 Ashenral

hgp

) + EX_CRK

Crack length increment m

Incremental damage ratio

= Calibration factors (local and global)

= Crack length increments caused by bending, shearing, and thermal loading
HMA material fracture properties

= Total number of days

= Stress intensity factors caused by bending, shearing, and thermal loading
Damage ratio

Orverlay thickness, in

Cracks in the underlying layers reflected, %

Transverse cracking in underlying pavement layers, fi'mile (transverse cracking)
Alligator cracking in underlying pavement layvers, %o lane area (alligator cracking)

=)
—E

Pavement Type Distress Type |k1 k2 k3 Cc1 C2 C3 C4 C5 Standard Deviation
) 0.000027 * Pow
Semi-Rigid Transverse 045 ]0.05 |1 0.1 0.980910.19 [165.3 51048 (TRANSVERSE,2.1
’ 187) + 399.9

1.3897 * Pow
Semi-Rigid Fatigue 045 ]0.05 |1 164 |11 0.19 |62.1 |[-404.6 |(FATIGUE,0.2960)

+0.4212

181
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vs)
—tEE

Design Inputs
Design Life: 15 years Base construction: May, 2020 Climate Data 43.5, -80.625
Design Type: SEMI_RIGID Pavement construction:  June, 2020 Sources (Lat/Lon) 43, -80
Traffic opening: June, 2020
Design Structure Traffic
Layer type Material Type Thickness(mm) olumetric at Construction: Heavy Trucks
: - Age (year) lati
Flexible Default asphalt concrete 40.0 Effectlveoblnder 118 (cumulative)
Cement_Base Soil cement 300.0 Zci)rn\t/z?(;s( f;/)) =0 2020 (initial) 1,272
(o] .
NonStabilized Crushed stone 280.0 2027 (7 years) 1,721,680
NonStabilized Crushed gravel 500.0 2035 (15 years) | 3,794,600
Subgrade A-6 Semi-infinite
Design Outputs

Distress Prediction Summary

Distress Type DIStreI:ZIi?bﬁiF:;mﬁed sgl’tii?flod"?
Target Predicted Target Achieved .
Terminal IRI (m/km) 2.30 2.04 85.00 94.75 Pass
Permanent deformation - total pavement (mm) 13.00 5.47 85.00 100.00 Pass
Qg;?tal fatigue cracking: bottom up + reflective (% lane 50.00 236 85.00 100.00 Pass
AC total transverse cracking: thermal + reflective (m/km) 473.40 340.46 85.00 99.25 Pass
AC bottom-up fatigue cracking (percent) 20.00 0.00 50.00 100.00 Pass
AC thermal cracking (m/km) 190.00 0.19 50.00 100.00 Pass
AC top-down fatigue cracking (m/km) 380.00 39.31 85.00 100.00 Pass
Permanent deformation - AC only (mm) 6.00 0.43 85.00 100.00 Pass
Chemically stabilized layer - fatigue fracture (percent) 25.00 1.92 - - -
183
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Distress Charts

IRI Total RutDepth (PermanentDeformation)
26 16
2.4 4 2.3 14 13
2.2 = -
2 2.04 E .
€ 2 E
= 1.8 1 10
T e 1.58 £
= 1.6 — S s
=~ ssupee®®® - [a]
o 144 ceeunent®® = - 5.47
— s _‘_____...-...-- ____..—_— - é 6 ....---"""""""'"‘"""""""""22
© {Initial IRT: 9 mme=="" 4 et am e ——————————
1 Jommm——— .‘.-....:'—_’_-———
0.8 2 e
0.6 . y x . . x . 0
0 2 4 3 8 10 12 14 16 0 2 4 3 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
£
AC total bottom up + reflective cracking (% lane area) 'f‘-‘.; AC total thermal + reflective cracking {(m/km)
o0 - g &0
7 % § 500 473/4
E 40 % 400
£ = 340,44
o m ettt
& 23 et l24 1,7
— o -
3 204 (-Et) 200 - —et?’ a———
o & ot -
F X e o ‘a“
10 £ 100 ,
.82 = LI L - -
L e PP PO C L L C L L L Lk 5 0 e i
0 2 4 6 8 10 12 14 16 = 0 2 4 6 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
= Threshold Yalue =+ @ SpecifiedReliability ==~ @ 50% Reliability
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| Traffic Inputs
I Graphical Representation of Traffic Inputs
Initial two-way AADTT: 1,272 Percent of trucks in design direction (%): 50.0
Number of lanes in design direction: 2 Percent of trucks in design lane (%): 90.0
Operational speed (kph) 100.0
- AADTT Distribution by ¥Yehicle Class Truck Distribution by Hour
&
g"o i - 36.2%
2%
*3 This chart does not apply to the design type
0 35 4
5 11.7% 9.9%
= 101
- e Low |LE% o 0%

a 5 6 7 8 9 10 11 12 13
Vehicle Class

Growth Factor by ¥Yehicle Class Axles perTruck by ¥Yehicle Class

35— —_ 5 4
7
ss|s|e|8|8|s|s8]s G ,
34 a e A
Tandem
—~ 4 - E andeq 2
?_':2‘5 - Tridem
42 3 34 ﬂ] Quad
2 = %
o % Z
e by %
** 7
"é’ 1.5 4 2] 4 / -
o % Z = % =
5 y % Z - Z -
] 7 7 7 o o
O Z 7 s |7 | g =
2 7 %2 7 =
1147 7 7 % 7 7
0.5 Z 7 %
) 7 7
al %
0 ] -ﬁ T Z T T T T
a 5 6 7 8 9 10 11 12 13 4 5 6 7 8 9 10 11 12 13
Vehicle Class Vehicle Class
Traffic Volume Monthly Adjustment Factors
Class 10 | Class 11 | Class 12 ] Class 13
Dec
Now < S 1 3 <
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
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Tabular Representation of Traffic Inputs

Volume Monthly Adjustment Factors Level 3: Default MAF

Month Vehicle Class
4 5 6 7 8 9 10 11 12 13
January 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
February 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
March 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
April 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
May 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
June 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
July 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
September 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
October 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
November 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
December 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Distributions by Vehicle Class Truck Distribution by Hour does not apply
. . 'L_\AD_TT Growth Factor
Vehicle Class | Distribution (%)
(Level 3) Rate (%) Function
Class 4 3.3% 3% Linear
Class 5 34% 3% Linear
Class 6 11.7% 3% Linear
Class 7 1.6% 3% Linear
Class 8 9.9% 3% Linear
Class 9 36.2% 3% Linear
Class 10 1% 3% Linear
Class 11 1.8% 3% Linear
Class 12 0.2% 3% Linear
Class 13 0.3% 3% Linear
Axle Configuration Number of Axles per Truck
Traffic Wander Axle Configuration Vehicle |Single|Tandem| Tridem | Quad
Mean wheel location (mm) 460.0 | |Average axle width (m) 2.6 Class | Axle [ Axle | Axle | Axle
Traffic wander standard deviation (mm) | 254.0 | |Dual tire spacing (mm) 305.0 | | Class4 | 1.62 0.39 0 0
Design lane width (m) 3.7 Tire pressure (kPa) 827.4 Class 5 2 0 0 0
Class6 | 1.01 0.993 0 0
Average Axle Spacing | | Wheelbase does not apply Class 7 | 1.314| 0.989 | 0.03 0
Tandem axle 15 Class 8 [ 2.163 | 0.845 0 0
spacing (m) Class 9 | 1.055 | 1.968 0.003 0
Tridem axle 17 Class 10| 1.446 | 1.234 [ 0.7 | 0.088
spacing (m) . Class 11| 4546 | 0.168 0 0
%‘;’d axle spacing | 4 5 Class 12 2.857 | 1526 | 0 0
Class 13| 1.201 | 2.058 0.848 | 0.024
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* Traffic cap is not enforced

AADTT(Average Annual Daily Truck Traffic)

AADTT(Average Annual Daily Truck Traffic)

Heavy Trucks{cumulative)
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Climate Inputs

Climate Data Sources: Emo ———— Monthly Rainfall Statistics

= 108.20
Climate Station Cities: Location (lat lon elevation(m)) & 1297 (ALI5) 3601 :215,;56] Lots ?ff;s

< 17 (a1.66) . .66)
CA, ON 43.50000 -80.62500 369 & %14 as £5en (32.261 "5 A R b

J29.72}4, o : 26.16) 7.94) s

CA, ON 43.00000 -80.00000 210 o E;“‘;;m (20.57)

Annual Statistics:

Rainfall (mm) (mea
=

Mean annual air temperature (°C) 7.96 . c 2 s D s 5 g ST E e
Mean annual precipitation (mm) 1022.60 S = =
Freezing index (°C - days) 521.04

Average annual number of freeze/thaw cycles: 80.61 \(/r\]lqa)ter table depth 10.00

Monthly Climate Summary:

Monthly Temperature Summary

X Marimum

® Average

‘\ Minimum

-10 4

Temperature (deqg C)

-20 4

-30 ; : : : : : : .
5/1985 471987 4/1989 4/1991 4/1993

Date
= Monthly Precipitation, Wind Speed

= Precipitation - seees Wind Speed X .

4/1995 41997 4/1999 6/2000

- S . = X :' ! Sy iy % ot % -~

c 2504 :;'_”:‘ P 4': .'.. S~

windspeed (km/hr)

' ' ' ' ' ' ' Date
=7 Monthly Sunshine

Sunshine (%)
3

0 . . . : : : : :
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o
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Hourly Air Temperature Distribution by Month:

-25°C to -20°C | -20°C to -15°C | -15°C to -10°C | -10°C to -5°C | -5°Cto0°C | 0°Cto5°C | 5°C to 10°C

Vg 1951957 1955 193 193 1997/1995 195 1903 199 1992/ 199195 1903 00 200,

Vigg¥ 1921957 1953 1963 193 19931995 195 1963 199 ¥ 1962/ 197/ 19qy 1903 0o 0,
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Design Properties

HMA Design Properties

Use Multilayer Rutting Model False Layer Name Layer Type Interface
- - Friction
Using G* based model (not nationally False 3 T Floxible  Default halt
calibrated) oy e e - e ASPRAT Fiexible (1) 1.00
Is NCHRP 1-37A HMA Rutting Model True - — - - —
Coefficients Layer 2 Chemically Stabilized : Chemically Stabilized 1.00
— Soil cement (2)
Endurance Limit - —
Layer 3 Non-stabilized Base : -
Use Reflective Cracking True Crushed stone Non-stabilized Base (4) (1.00
Structure - ICM Properties Ic_;arzs;];lngc:r;;/sglablhzed Base : Non-stabilized Base (4) [1.00
AC surface shortwave absorptivity 0.85 Layer 5 Subgrade : A-6 Subgrade (5) -
190
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Thermal Cracking

=)

AAGHIO

Thermal Contraction Creep Compliance (1/GPa) (Input Level: 3)
Is thermal contraction calculated? True Loading time (sec) -20 °C -10 °C 0 °C
Mix coefficient of thermal contraction (mm/mm/°C) | - 5.57e-002 |8.57e-002 1.16e-001
Aggregate coefficient of thermal contraction 9.06-006 6.17e-002 1.01e-001 1.51e-001
. )
i/mfg’”?ml’w C) — — 707002 |1.25¢-:001  [2.15e-001
oids in Mineral Aggregate (%) : 10 7.836-002 |1.486-001  |2.80e-001
Indirect Tensile Strength (Input Level: 3) 20 8.68e-002  |1.74e-001 3.65e-001
Test Temperature (°C) |Indirect Tensilte Strength (Mpa) 50 9.94e-002  [2.16e-001 5.19e-001
100 1.10e-001 2.55e-001 6.77e-001
-10.0 2.79
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o
a
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o
W
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HMA Layer 1: Layer 1 Flexible : Default asphalt concrete
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Analysis Output Charts
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Chemically Stabilized Layer Damage
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Layer Information

Layer 1 Flexible : Default asphalt concrete
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General Info

AAGHIO

Asphalt

Thickness (mm) 40.0

Unit weight (kgf/m”3) [460.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A -

Parameter B -

Asphalt Dynamic Modulus (Input Level: 3)

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.8
Air voids (%) 7
Thermal conductivity (watt/meter-

kelvin) 1.16
Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier |Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

Gradation Percent Passing

19 mm sieve 100

9.5 mm sieve 77

4.75 mm sieve 60

0.075mm sieve 6

Asphalt Binder

Parameter Value

Grade Superpave Performance Grade

Binder Type 64-28

A 10.312

VTS -3.44

198
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County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number 0
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by:
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Layer 2 Chemically Stabilized : Soil cement

Semi-Rigid

Chemically stabilized base crack spacing 8
(m)

Chemically stabilized base transverse 50
crack LTE (%)

Fatigue LTE (%) 50
Chemically Stabilized

Layer thickness (mm) 300
Poisson's ratio 0.2
Unit weight (kgf/m*3) 2100
Strength

Elastic/resilient modulus (MPa) p834
Thermal

Heat capacity (joule/kg-kelvin) 1172.3
Thermal conductivity (watt/meter-kelvin) [2.16

Reported

with version: 2.5.5+7117.27682

on: 22/11/2019 2:19 AM

Created

with version: 2.5.5+7117.27682

on: 22/08/2019 1:17 PM
by:

199

AAGHIO

Identifiers
Field Value
Display name/identifier |Soil cement

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM

by:
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Unbound
Layer thickness (mm) 280.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

250.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |Crushed stone

Description of object

Default material

Sieve

Liquid Limit

6.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/im”"3)

False 2048.3

Saturated hydraulic conductivity
(m/hr)

False 2.257e-02

Specific gravity of solids

False 2.7

Water Content (%)

False 7

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

3.0919

bf

2.6074

cf

0.7701

hr

110.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:19 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 5.0

0.150mm

0.180mm

0.250mm

0.300mm 13.5

0.425mm

0.600mm

0.850mm

1.18mm 27.5

2.0mm

2.36mm

4.75mm 45.0

9.5mm 61.5

12.5mm

19.0mm 92.5

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

200
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Layer 4 Non-stabilized Base : Crushed gravel
Unbound Sieve
Layer thickness (mm) 500.0 ————— P
Poisson's ratio 0.35 LIqu'_d _lelt , 0
Coefficient of lateral earth pressure (k0) 0.5 aasticityllncox 0
Is layer compacted? False
Modulus (Input Level: 3) Is User
. Value
Vot | I 5 Defined?
Analysis Type: odify input va ues by Maximum dry unit weight
temperature/moisture ry 9 False 2012.4
] o (kgf/m”3)
Method: Resilient Modulus (MPa) Saturated hydraulic conductivity|_ 6.8836-03
— (m/hr) )
Resilient Modulus (MPa) Specific gravity of solids False 27
150.0
Water Content (%) False 8.2

Use Correction factor for NDT modulus? | -

NDT Correction Factor:

Identifiers

Field

Value

Display name/identifier |Crushed gravel

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number 0

with version: 2.5.5+7117.27682

Reported . 3/11/2019 2:19 AM

Created

201

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM
by:

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

5.0935

bf

2.5668

cf

0.8576

hr

108.0000

Sieve Size

% Passing

0.001mm

0.002mm

0.020mm

0.075mm

4.0

0.150mm

0.180mm

0.250mm

0.300mm

33.5

0.425mm

0.600mm

0.850mm

1.18mm

55.0

2.0mm

2.36mm

4.75mm

60.0

9.5mm

12.5mm

19.0mm

25.0mm

75.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM

by:
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Layer 5 Subgrade : A-6

Unbound

Layer thickness (mm) Semi-infinite
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

35.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |A-6

Description of object

Default material

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:19 AM

Reported

Created
by:

202

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

Sieve

AAGHIO

Liquid Limit

42.0

Plasticity Index

15.0

Is layer compacted?

False

Is User
Defined?

Value

Maximum dry unit weight
(kgf/m”3)

False

1693.8

Saturated hydraulic conductivity

False

3.012e-06

(m/hr)

Specific gravity of solids

False 2.7

Water Content (%)

False 18.2

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

114.8407

bf

0.6389

cf

0.1739

hr

500.0000

Sieve Size

% Passing

0.001mm

0.002mm

25.0

0.020mm

0.075mm

82.0

0.150mm

0.180mm

91.0

0.250mm

0.300mm

0.425mm

95.0

0.600mm

0.850mm

1.18mm

2.0mm

98.0

2.36mm

4.75mm

100.0

9.5mm

100.0

12.5mm

100.0

19.0mm

100.0

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

100.0

A 4 With version: 2.5.5+7117.27682
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by:
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=)

C,=00172«H2 — 17331« H,

Where:
H,. = total AC thickness(in)

k. = (Cy + C; = depth) = 0.32819647th
C, = —0.1039 « HZ + 2.4868 « H, — 17.342

AC Fatigue
1 kzn‘gfz 1 J:'5213)":; k1: 3.75
Ny =0.00432 % Cx Briky (a) (E) k2: 2.87
k3: 1.46
— M
¢=10 Bf1: 0.02054
Vi Bf2: 1.38
M =484 —0.69
(Vﬂ G ) Bf3: 0.88
AC Rutting
£
)
£ _ 10% s Thafra pfkabrs .
£, zPr1 £, = plastic struiﬂ(mf r'.n.)

&, = resilient strain(*/; )
T = layer temperature( F )

+ 27.428 N = number of load repetitions

AC Rutting Standard Deviation

0.24 * Pow(RUT,0.8026) + 0.001

AC Layer 1

K1:-2.45 K2:3.01 K3:0.22

Br1:0.128 Br2:0.52 Br3:1.36

Thermal Fracture

log Cs’hm_)
o)

AC = (k* Br]* * A+ AK

4 _ l 0(4.389— 2.52%0g( B*,, *n)

C,=400 *N(

Cp= observed amount of thermal cracking(ft/500ft)

k = rofression cosf ficiont determined through field calibration
N() =standard normal distribution evaluated at(])

o = standard deviation of thelog of the depth of cracks in the pavments
€ = crack depth(in)

k. = thickness of asphalt layer(in)

A = Change in the crack depth due to a cooling cycle

AK = Change in the stress intensity factor due to a cooling cycle
A, n = Fracture parameters for the asphalt mixture

E = mixture stif fness

oy = Undamaged mixture tensile strength

By = Calibration parameter

Level 1 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 2 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 3 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0
CSM Fatigue

kl IEI'.'-'l C;_Sr)

F':Z IEIS'Z

Ny = number of repetitions to fatigue cracking
o, = Tensile stress(psi)
M, = modulus of rupture(psi)

k2: 0.0825

Ny =10
k1:0.972

[Bc1: 1 [Bc2:1
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Unbound Layer Rutting

8, (N) = B ks, (22) e—(§f|

El

8, = permanent deformation for the layer
N = number of repetitions

£, = average veritcal strain{in/in)

£q. 3 p = material properties

£, = resilient strain(in/in)

Base Rutting

Subgrade Rutting

k1: 0.965 [Bs1: 1

k1: 0.675 Bs1: 1

Standard Deviation (BASERUT)
0.1477 * Pow(BASERUT,0.6711) + 0.001

Standard Deviation (BASERUT)
0.1235 * Pow(SUBRUT,0.5012) + 0.001

AAGHIO

AC Cracking

AC Top Down Cracking

AC Bottom Up Cracking

6000

FC =
14 E(I:'.',_sr:';_-l-ﬁ'zsﬁ';.iogmliﬂsitllﬂ};]

Cy
FCppp = «10.56
1+ EI:EL_EE*EEHiD(DEmHE}:I C} = —2.40874 — 39.748 « (1 + h,,) 2856
Ci=—-2%C}
c1:7 [c2:35  [c3:0 kc4: 1000 c1:1.31  [c2:2.1585

Top down AC Cracking Standard Deviation

Bottom up AC Cracking Standard Deviation

200 + 2300/(1+exp(1.072-2.1654"LOG10(TOP+0.0001)))

1.13 + 13/(1+exp(7.57-15.5"LOG10(BOTTOM+0.0001)))

CSM Cracking

IRI Flexible Pavements

G
FGw = G+

C1 - Rutting 23 - Transverse Crack

1+e C,- ¢, *Jogio (Damage)

2 - Fatigue Crack  C4- Site Factors

c1:0 [c2:75 [c3:2  [c4:2 C1:55 [C2:04 [C3:0.008 |C4:0.015
CSM Standard Deviation
CTB*1
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Reflective Cracking

AC = kiﬂhending + kzﬁshaer'mg + kzﬁtherﬂml

AD

_ uikiﬂbending + u:kzﬂ'shmﬁng + uzkzﬂﬂlerﬂml

"!"Elenliing = ﬂ(SIF}tEII
Ashearing = AGSIF)g
Arherma = A(SIF)T

N
D=Zﬂ]}
i=1

100
RCRz(

Where
AC
AD

kb ks Co, Co, G, Gy, Gs
a'i"nhend.in; 2 a'i"nshea:ing 2 Ashenral

An
N
(SIF)z, {5IF)s,(SIF)r
D

har
ECR
EX_CRK

Cd 4 gCslogh

hgp

) + EX_CRK

Crack length increment m

Incremental damage ratio

= Calibration factors (local and global)

= Crack length increments caused by bending, shearing, and thermal loading
HMA material fracture properties

= Total number of days

= Stress intensity factors caused by bending, shearing, and thermal loading
Damage ratio

Orverlay thickness, in

Cracks in the underlying layers reflected, %

Transverse cracking in underlying pavement layers, fi'mile (transverse cracking)
Alligator cracking in underlying pavement layvers, %o lane area (alligator cracking)

=)
—E

Pavement Type Distress Type |k1 k2 k3 Cc1 C2 C3 C4 C5 Standard Deviation
) 0.000027 * Pow
Semi-Rigid Transverse 045 ]0.05 |1 0.1 0.980910.19 [165.3 51048 (TRANSVERSE,2.1
: 187) + 399.9

1.3897 * Pow
Semi-Rigid Fatigue 045 ]0.05 |1 164 |11 0.19 |62.1 |[-404.6 |(FATIGUE,0.2960)

+0.4212
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vs)
—tEE

Design Inputs
Design Life: 15 years Base construction: May, 2020 Climate Data 43.5, -80.625
Design Type: SEMI_RIGID Pavement construction:  June, 2020 Sources (Lat/Lon) 43, -80
Traffic opening: June, 2020
Design Structure Traffic
Layer type Material Type Thickness(mm) olumetric at Construction: Heavy Trucks
: - Age (year) lati
Flexible Default asphalt concrete 40.0 Effectlveoblnder 118 (cumulative)
Cement_Base Soil cement 300.0 Zci)rn\t/z?(;s( f;/)) =0 2020 (initial) 1,272
(o] .
NonStabilized Crushed stone 280.0 2027 (7 years) 1,721,680
NonStabilized Crushed gravel 500.0 2035 (15 years) | 3,794,600
Subgrade A-6 Semi-infinite
Design Outputs

Distress Prediction Summary

Distress Type DIStreI:ZIi?bﬁiF:;mﬁed sgl’tii?flod"?
Target Predicted Target Achieved .
Terminal IRI (m/km) 2.30 2.04 85.00 94.80 Pass
Permanent deformation - total pavement (mm) 13.00 5.50 85.00 100.00 Pass
Qg;?tal fatigue cracking: bottom up + reflective (% lane 50.00 198 85.00 100.00 Pass
AC total transverse cracking: thermal + reflective (m/km) 473.40 340.46 85.00 99.25 Pass
AC bottom-up fatigue cracking (percent) 20.00 0.00 50.00 100.00 Pass
AC thermal cracking (m/km) 190.00 0.19 50.00 100.00 Pass
AC top-down fatigue cracking (m/km) 380.00 39.32 85.00 100.00 Pass
Permanent deformation - AC only (mm) 6.00 0.42 85.00 100.00 Pass
Chemically stabilized layer - fatigue fracture (percent) 25.00 1.54 - - -
207
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Distress Charts

IRI Total RutDepth (PermanentDeformation)
26 16
2.4 4 2.3 14 13
2.2 = -
2 2.04 E .
€ 2 E
= 1.8 1 10
T e 1.58 £
= 1.6 — S s
=~ ssupee®®® - [a]

o 144 ceeunent®® = - 5.50
a 1.2 _‘______,...-.-- _,_,.._-— - é 6 _"._,,......-.............................4|25
.l Initial IRI: ’9-—"‘-_— 4 . .-"'...:::.--—-——--------------_--

0.8 4 235
0.6 . y . . . x . 0
0 2 4 3 8 10 12 14 16 0 2 4 3 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
£
AC total bottom up + reflective cracking (% lane area) 'f‘-‘.; AC total thermal + reflective cracking {(m/km)
o0 - g &0
7 % § 500 473/4
E 40 % 400
£ = 340,44
. ) n""
& 23 et l24 1,7
— o -
2 20 < 200 ot B, L
°© " ot =
= = U o Pt
10 ] { 1m ] lIlllllll!l!.-"..-‘.-.'.. "‘
1,93 = e
o _."""""""".’...."“q."."n*u-.-guunuunu--nu g o . '__—“"'- ! 1 ! !
0 2 4 6 8 10 12 14 16 = 0 2 4 6 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
= Threshold Yalue =+ @ SpecifiedReliability ==~ @ 50% Reliability
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| Traffic Inputs
I Graphical Representation of Traffic Inputs
Initial two-way AADTT: 1,272 Percent of trucks in design direction (%): 50.0
Number of lanes in design direction: 2 Percent of trucks in design lane (%): 90.0
Operational speed (kph) 100.0
- AADTT Distribution by ¥Yehicle Class Truck Distribution by Hour
&
g"o i - 36.2%
2%
*3 This chart does not apply to the design type
0 35 4
5 11.7% 9.9%
= 101
- e Low |LE% o 0%

a 5 6 7 8 9 10 11 12 13
Vehicle Class

Growth Factor by ¥Yehicle Class Axles perTruck by ¥Yehicle Class

35— —_ 5 4
7
ss|s|e|8|8|s|s8]s G ,
34 a e A
Tandem
—~ 4 - E andeq 2
?_':2‘5 - Tridem
42 3 34 ﬂ] Quad
2 = %
o % Z
e by %
** 7
"é’ 1.5 4 2] 4 / -
o % Z = % =
5 y % Z - Z -
] 7 7 7 o o
O Z 7 s |7 | g =
2 7 %2 7 =
1147 7 7 % 7 7
0.5 Z 7 %
) 7 7
al %
0 ] -ﬁ T Z T T T T
a 5 6 7 8 9 10 11 12 13 4 5 6 7 8 9 10 11 12 13
Vehicle Class Vehicle Class
Traffic Volume Monthly Adjustment Factors
Class 10 | Class 11 | Class 12 ] Class 13
Dec
Now < S 1 3 <
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
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Tabular Representation of Traffic Inputs

Volume Monthly Adjustment Factors Level 3: Default MAF

Month Vehicle Class
4 5 6 7 8 9 10 11 12 13
January 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
February 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
March 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
April 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
May 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
June 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
July 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
September 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
October 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
November 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
December 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Distributions by Vehicle Class Truck Distribution by Hour does not apply
. . 'L_\AD_TT Growth Factor
Vehicle Class | Distribution (%)
(Level 3) Rate (%) Function
Class 4 3.3% 3% Linear
Class 5 34% 3% Linear
Class 6 11.7% 3% Linear
Class 7 1.6% 3% Linear
Class 8 9.9% 3% Linear
Class 9 36.2% 3% Linear
Class 10 1% 3% Linear
Class 11 1.8% 3% Linear
Class 12 0.2% 3% Linear
Class 13 0.3% 3% Linear
Axle Configuration Number of Axles per Truck
Traffic Wander Axle Configuration Vehicle |Single|Tandem| Tridem | Quad
Mean wheel location (mm) 460.0 | |Average axle width (m) 2.6 Class | Axle [ Axle | Axle | Axle
Traffic wander standard deviation (mm) | 254.0 | |Dual tire spacing (mm) 305.0 | | Class4 | 1.62 0.39 0 0
Design lane width (m) 3.7 Tire pressure (kPa) 827.4 Class 5 2 0 0 0
Class6 | 1.01 0.993 0 0
Average Axle Spacing | | Wheelbase does not apply Class 7 | 1.314| 0.989 | 0.03 0
Tandem axle 15 Class 8 [ 2.163 | 0.845 0 0
spacing (m) Class 9 | 1.055 | 1.968 0.003 0
Tridem axle 17 Class 10| 1.446 | 1.234 [ 0.7 | 0.088
spacing (m) . Class 11| 4546 | 0.168 0 0
%‘;’d axle spacing | 4 5 Class 12 2.857 | 1526 | 0 0
Class 13| 1.201 | 2.058 0.848 | 0.024
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* Traffic cap is not enforced

AADTT(Average Annual Daily Truck Traffic)

AADTT(Average Annual Daily Truck Traffic)

Heavy Trucks{cumulative)
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Climate Inputs
Climate Data Sources: 3 140 - Monthly Rainfall Statistics
i 108.20 105.16
Climate Station Cities: Location (lat lon elevation(m)) & 1297 (LIS 9601 (61.98) 9.15 (gfitsel,s‘
17 (a1.66) A5 | 11.66)
CA, ON 43.50000 -80.62500 369 510:) .68 79:50 (32-26{ 77.72 (46.74Y9:76
@ oo §29.724 o5 13073 426.16) (27.91) W &3 75
CA, ON 43.00000 -80.00000 210 £ *¥7 ;‘;,3_ (20.57)
'E\GO- (32.00)
E 40
Annual Statistics: Z 201
o
. 0, o 04 )
Mean annual air temperature (°C) 7.96 c 2 g :c} 2 g § g § g = 8
Mean annual precipitation (mm) 1022.60 = = £ n = =
Freezing index (°C - days) 521.04
Water table depth
Average annual number of freeze/thaw cycles: 80.61 (m) P 10.00
Monthly Climate Summary:
40 Monthly Temperature Summary
G 30 1 - . . -‘..,
(=]
P
o
r?
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2
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1
g A Minimum
v LLLLL n
£ -104
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|_
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Date .
90 - .
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gi 70 -
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Hourly Air Temperature Distribution by Month:

-25°C to -20°C | -20°C to -15°C | -15°C to -10°C | -10°C to -5°C | -5°Cto0°C | 0°Cto5°C | 5°C to 10°C
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Design Properties

HMA Design Properties

Use Multilayer Rutting Model False Layer Name Layer Type Interface
- - Friction
Using G* based model (not nationally False 3 T Floxible  Default halt
calibrated) oy e e - e ASPRAT Fiexible (1) 1.00
Is NCHRP 1-37A HMA Rutting Model True - — - - —
Coefficients Layer 2 Chemically Stabilized : Chemically Stabilized 1.00
— Soil cement (2)
Endurance Limit - —
Layer 3 Non-stabilized Base : -
Use Reflective Cracking True Crushed stone Non-stabilized Base (4) (1.00
Structure - ICM Properties Ic_;arzs;];lngc:r;;/sglablhzed Base : Non-stabilized Base (4) [1.00
AC surface shortwave absorptivity 0.85 Layer 5 Subgrade : A-6 Subgrade (5) -
214
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Thermal Cracking

=)

AAGHIO

Thermal Contraction Creep Compliance (1/GPa) (Input Level: 3)
Is thermal contraction calculated? True Loading time (sec) -20 °C -10 °C 0 °C
Mix coefficient of thermal contraction (mm/mm/°C) | - 5.57e-002 |8.57e-002 1.16e-001
Aggregate coefficient of thermal contraction 9.06-006 6.17e-002 1.01e-001 1.51e-001
. )
i/mfg’”?ml’w C) — — 707002 |1.25¢-:001  [2.15e-001
oids in Mineral Aggregate (%) : 10 7.836-002 |1.486-001  |2.80e-001
Indirect Tensile Strength (Input Level: 3) 20 8.68e-002  |1.74e-001 3.65e-001
Test Temperature (°C) |Indirect Tensilte Strength (Mpa) 50 9.94e-002  [2.16e-001 5.19e-001
100 1.10e-001 2.55e-001 6.77e-001
-10.0 2.79
0.6 Creep Compliance {(1/GPa)
o
a
[
-
o
W
.E X -20 °C
_Q AN o
g MW -10 °oC
S @0 °C
Q
o
o
1™
o
-9
04 . . . . . . , . . .
0 10 20 30 40 S0 60 70 20 20 10c
Loading Time {sec)
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Layer Information

Layer 1 Flexible : Default asphalt concrete

General Info

Asphalt

Thickness (mm) 40.0

Unit weight (kgf/m”3) [460.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A -

Parameter B -

Asphalt Dynamic Modulus (Input Level: 3)

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.8
Air voids (%) 7
Thermal conductivity (watt/meter-

kelvin) 1.16
Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier

Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

Gradation Percent Passing

19 mm sieve 100

9.5 mm sieve 77

4.75 mm sieve 60

0.075mm sieve 6

Asphalt Binder

Parameter Value

Grade Superpave Performance Grade

Binder Type 64-28

A 10.312

VTS -3.44
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County

Highway

Direction of Travel

From station (km)

To station (km)

Province
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User defined field 2

User defined field 3

Revision Number
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Approved .. 5>/08/2019 1:17 PM
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Layer 2 Chemically Stabilized : Soil cement

Semi-Rigid

Chemically stabilized base crack spacing 8
(m)

Chemically stabilized base transverse 50
crack LTE (%)

Fatigue LTE (%) 50
Chemically Stabilized

Layer thickness (mm) 300
Poisson's ratio 0.2
Unit weight (kgf/m*3) 2100
Strength

Elastic/resilient modulus (MPa) p664
Thermal

Heat capacity (joule/kg-kelvin) 1172.3
Thermal conductivity (watt/meter-kelvin) [2.16

Reported

with version: 2.5.5+7117.27682

on: 22/11/2019 4:14 AM

Created

with version: 2.5.5+7117.27682

on: 22/08/2019 1:17 PM
by:
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AAGHIO

Identifiers
Field Value
Display name/identifier |Soil cement

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM

by:
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Unbound
Layer thickness (mm) 280.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

250.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |Crushed stone

Description of object

Default material

Sieve

Liquid Limit

6.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/im”"3)

False 2048.3

Saturated hydraulic conductivity
(m/hr)

False 2.257e-02

Specific gravity of solids

False 2.7

Water Content (%)

False 7

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

3.0919

bf

2.6074

cf

0.7701

hr

110.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 4:14 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 5.0

0.150mm

0.180mm

0.250mm

0.300mm 13.5

0.425mm

0.600mm

0.850mm

1.18mm 27.5

2.0mm

2.36mm

4.75mm 45.0

9.5mm 61.5

12.5mm

19.0mm 92.5

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm
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Unbound
Layer thickness (mm) 500.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

150.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier

Crushed gravel

Description of object

Default material

Sieve

Liquid Limit

11.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/m”3)

False 2012.4

Saturated hydraulic conductivity
(m/hr)

False 6.883e-03

Specific gravity of solids

False 2.7

Water Content (%)

False 8.2

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

5.0935

bf

2.5668

cf

0.8576

hr

108.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 4:14 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 4.0

0.150mm

0.180mm

0.250mm

0.300mm 33.5

0.425mm

0.600mm

0.850mm

1.18mm 55.0

2.0mm

2.36mm

4.75mm 60.0

9.5mm

12.5mm

19.0mm

25.0mm 75.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm
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Layer 5 Subgrade : A-6

Unbound

Layer thickness (mm) Semi-infinite
Poisson's ratio 0.35
Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

35.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor:

Identifiers
Field Value
Display name/identifier |A-6

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682

on: 22/11/2019 4:14 AM

Created

with version: 2.5.5+7117.27682

on: 22/08/2019 1:17 PM
by:
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AAGHIO

Sieve
Liquid Limit 42.0
Plasticity Index 15.0
Is layer compacted? False

Is User

Defined?| Value

Maximum dry unit weight
(kgfim™3) False 1693.8
Saturated hydraulic conductivity False 3.0126-06
(m/hr)
Specific gravity of solids False 2.7
Water Content (%) False 18.2

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

114.8407

bf

0.6389

cf

0.1739

hr

500.0000

Sieve Size

% Passing

0.001mm

0.002mm

25.0

0.020mm

0.075mm

82.0

0.150mm

0.180mm

91.0

0.250mm

0.300mm

0.425mm

95.0

0.600mm

0.850mm

1.18mm

2.0mm

98.0

2.36mm

4.75mm

100.0

9.5mm

100.0

12.5mm

100.0

19.0mm

100.0

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

100.0

A 4 With version: 2.5.5+7117.27682
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AAGHIO

C,=00172«H2 — 17331« H,

Where:
H,. = total AC thickness(in)

k. = (Cy + C; = depth) = 0.32819647th
C, = —0.1039 « HZ + 2.4868 « H, — 17.342

AC Fatigue
1 kzn‘gfz 1 J:'5213)":; k1: 3.75
Ny =0.00432 % Cx Briky (a) (E) k2: 2.87
k3: 1.46
— M
¢=10 Bf1: 0.02054
Vi Bf2: 1.38
M =484 —0.69
(Vﬂ G ) Bf3: 0.88
AC Rutting
£
)
£ _ 10% s Thafra pfkabrs .
£, zPr1 £, = plastic struiﬂ(mf r'.n.)

&, = resilient strain(*/; )
T = layer temperature( F )

+ 27.428 N = number of load repetitions

AC Rutting Standard Deviation

0.24 * Pow(RUT,0.8026) + 0.001

AC Layer 1

K1:-2.45 K2:3.01 K3:0.22

Br1:0.128 Br2:0.52 Br3:1.36

Thermal Fracture

log Cs’hm_)
o)

AC = (k* Br]* * A+ AK

4 _ l 0(4.389— 2.52%0g( B*,, *n)

C,=400 *N(

Cp= observed amount of thermal cracking(ft/500ft)

k = rofression cosf ficiont determined through field calibration
N() =standard normal distribution evaluated at(])

o = standard deviation of thelog of the depth of cracks in the pavments
€ = crack depth(in)

k. = thickness of asphalt layer(in)

A = Change in the crack depth due to a cooling cycle

AK = Change in the stress intensity factor due to a cooling cycle
A, n = Fracture parameters for the asphalt mixture

E = mixture stif fness

oy = Undamaged mixture tensile strength

By = Calibration parameter

Level 1 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 2 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 3 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0
CSM Fatigue

kl IEI'.'-'l C;_Sr)

F':Z IEIS'Z

Ny = number of repetitions to fatigue cracking
o, = Tensile stress(psi)
M, = modulus of rupture(psi)

k2: 0.0825

Ny =10
k1:0.972

[Bc1: 1 [Bc2:1
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Unbound Layer Rutting

8, (N) = B ks, (22) e—(§f|

El

8, = permanent deformation for the layer
N = number of repetitions

£, = average veritcal strain{in/in)

£q. 3 p = material properties

£, = resilient strain(in/in)

Base Rutting

Subgrade Rutting

k1: 0.965 [Bs1: 1

k1: 0.675 Bs1: 1

Standard Deviation (BASERUT)
0.1477 * Pow(BASERUT,0.6711) + 0.001

Standard Deviation (BASERUT)
0.1235 * Pow(SUBRUT,0.5012) + 0.001

AAGHIO

AC Cracking

AC Top Down Cracking

AC Bottom Up Cracking

6000

FC =
14 E(I:'.',_sr:';_-l-ﬁ'zsﬁ';.iogmliﬂsitllﬂ};]

Cy
FCppp = «10.56
1+ EI:EL_EE*EEHiD(DEmHE}:I C} = —2.40874 — 39.748 « (1 + h,,) 2856
Ci=—-2%C}
c1:7 [c2:35  [c3:0 kc4: 1000 c1:1.31  [c2:2.1585

Top down AC Cracking Standard Deviation

Bottom up AC Cracking Standard Deviation

200 + 2300/(1+exp(1.072-2.1654"LOG10(TOP+0.0001)))

1.13 + 13/(1+exp(7.57-15.5"LOG10(BOTTOM+0.0001)))

CSM Cracking

IRI Flexible Pavements

G
FGw = G+

C1 - Rutting 23 - Transverse Crack

1+e C,- ¢, *Jogio (Damage)

2 - Fatigue Crack  C4- Site Factors

c1:0 [c2:75 [c3:2  [c4:2 C1:55 [C2:04 [C3:0.008 |C4:0.015
CSM Standard Deviation
CTB*1
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Reflective Cracking

AC = kiﬂhending + kzﬁshaer'mg + kzﬁtherﬂml

AD

_ uikiﬂbending + u:kzﬂ'shmﬁng + uzkzﬂﬂlerﬂml

"!"Elenliing = ﬂ(SIF}tEII
Ashearing = AGSIF)g
Arherma = A(SIF)T

N
D=Zﬂ]}
i=1

100
RCRz(

Where
AC
AD

kb ks Co, Co, G, Gy, Gs
a'i"nhend.in; 2 a'i"nshea:ing 2 Ashenral

An
N
(SIF)z, {5IF)s,(SIF)r
D

har
ECR
EX_CRK

Cd 4 gCslogh

hgp

) + EX_CRK

Crack length increment m

Incremental damage ratio

= Calibration factors (local and global)

= Crack length increments caused by bending, shearing, and thermal loading
HMA material fracture properties

= Total number of days

= Stress intensity factors caused by bending, shearing, and thermal loading
Damage ratio

Orverlay thickness, in

Cracks in the underlying layers reflected, %

Transverse cracking in underlying pavement layers, fi'mile (transverse cracking)
Alligator cracking in underlying pavement layvers, %o lane area (alligator cracking)

=)
—E

Pavement Type Distress Type |k1 k2 k3 Cc1 C2 C3 C4 C5 Standard Deviation
) 0.000027 * Pow
Semi-Rigid Transverse 045 ]0.05 |1 0.1 0.980910.19 [165.3 51048 (TRANSVERSE,2.1
’ 187) + 399.9

1.3897 * Pow
Semi-Rigid Fatigue 045 ]0.05 |1 164 |11 0.19 |62.1 |[-404.6 |(FATIGUE,0.2960)

+0.4212
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vs)
—tEE

Design Inputs
Design Life: 15 years Base construction: May, 2020 Climate Data 43.5, -80.625
Design Type: SEMI_RIGID Pavement construction:  June, 2020 Sources (Lat/Lon) 43, -80
Traffic opening: June, 2020
Design Structure Traffic
Layer type Material Type Thickness(mm) olumetric at Construction: Heavy Trucks
: - Age (year) lati
Flexible Default asphalt concrete 40.0 Effectlveoblnder 118 (cumulative)
Cement_Base Soil cement 300.0 Zci)rn\t/z?(;s( f;/)) =0 2020 (initial) 1,272
(o] .
NonStabilized Crushed stone 280.0 2027 (7 years) 1,721,680
NonStabilized Crushed gravel 500.0 2035 (15 years) | 3,794,600
Subgrade A-6 Semi-infinite
Design Outputs

Distress Prediction Summary

Distress Type DIStreI:ZIi?bﬁiF:;mﬁed sgl’tii?flod"?
Target Predicted Target Achieved .
Terminal IRI (m/km) 2.30 2.04 85.00 94.80 Pass
Permanent deformation - total pavement (mm) 13.00 5.50 85.00 100.00 Pass
Qg;?tal fatigue cracking: bottom up + reflective (% lane 50.00 198 85.00 100.00 Pass
AC total transverse cracking: thermal + reflective (m/km) 473.40 340.46 85.00 99.25 Pass
AC bottom-up fatigue cracking (percent) 20.00 0.00 50.00 100.00 Pass
AC thermal cracking (m/km) 190.00 0.19 50.00 100.00 Pass
AC top-down fatigue cracking (m/km) 380.00 39.32 85.00 100.00 Pass
Permanent deformation - AC only (mm) 6.00 0.42 85.00 100.00 Pass
Chemically stabilized layer - fatigue fracture (percent) 25.00 1.54 - - -
231
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Distress Charts

IRI Total RutDepth (PermanentDeformation)
26 16
2.4 4 2.3 14 13
2.2 = -
2 2.04 E .
€ 2 E
= 1.8 1 10
T e 1.58 £
= 1.6 — S s
=~ ssupee®®® - [a]

o 144 ceeunent®® = - 5.50
a 1.2 _‘______,...-.-- _,_,.._-— - é 6 _"._,,......-.............................4|25
.l Initial IRI: ’9-—"‘-_— 4 . .-"'...:::.--—-——--------------_--

0.8 4 235
0.6 . y . . . x . 0
0 2 4 3 8 10 12 14 16 0 2 4 3 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
£
AC total bottom up + reflective cracking (% lane area) 'f‘-‘.; AC total thermal + reflective cracking {(m/km)
o0 - g &0
7 % § 500 473/4
E 40 % 400
£ = 340,44
. ) n""
& 23 et l24 1,7
— o -
2 20 < 200 ot B, L
°© " ot =
= = U o Pt
10 ] { 1m ] lIlllllll!l!.-"..-‘.-.'.. "‘
1,93 = e
o _."""""""".’...."“q."."n*u-.-guunuunu--nu g o . '__—“"'- ! 1 ! !
0 2 4 6 8 10 12 14 16 = 0 2 4 6 8 10 12 14 16
Pavement Age (years) Pavement Age (years)
= Threshold Yalue =+ @ SpecifiedReliability ==~ @ 50% Reliability
232
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| Traffic Inputs
I Graphical Representation of Traffic Inputs
Initial two-way AADTT: 1,272 Percent of trucks in design direction (%): 50.0
Number of lanes in design direction: 2 Percent of trucks in design lane (%): 90.0
Operational speed (kph) 100.0
- AADTT Distribution by ¥Yehicle Class Truck Distribution by Hour
&
g"o i - 36.2%
2%
*3 This chart does not apply to the design type
0 35 4
5 11.7% 9.9%
= 101
- e Low |LE% o 0%

a 5 6 7 8 9 10 11 12 13
Vehicle Class

Growth Factor by ¥Yehicle Class Axles perTruck by ¥Yehicle Class

35— —_ 5 4
7
ss|s|e|8|8|s|s8]s G ,
34 a e A
Tandem
—~ 4 - E andeq 2
?_':2‘5 - Tridem
42 3 34 ﬂ] Quad
2 = %
o % Z
e by %
** 7
"é’ 1.5 4 2] 4 / -
o % Z = % =
5 y % Z - Z -
] 7 7 7 o o
O Z 7 s |7 | g =
2 7 %2 7 =
1147 7 7 % 7 7
0.5 Z 7 %
) 7 7
al %
0 ] -ﬁ T Z T T T T
a 5 6 7 8 9 10 11 12 13 4 5 6 7 8 9 10 11 12 13
Vehicle Class Vehicle Class
Traffic Volume Monthly Adjustment Factors
Class 10 | Class 11 | Class 12 ] Class 13
Dec
Now < S 1 3 <
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
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Tabular Representation of Traffic Inputs

Volume Monthly Adjustment Factors Level 3: Default MAF

Month Vehicle Class
4 5 6 7 8 9 10 11 12 13
January 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
February 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
March 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
April 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
May 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
June 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
July 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
September 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
October 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
November 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
December 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Distributions by Vehicle Class Truck Distribution by Hour does not apply
. . 'L_\AD_TT Growth Factor
Vehicle Class | Distribution (%)
(Level 3) Rate (%) Function
Class 4 3.3% 3% Linear
Class 5 34% 3% Linear
Class 6 11.7% 3% Linear
Class 7 1.6% 3% Linear
Class 8 9.9% 3% Linear
Class 9 36.2% 3% Linear
Class 10 1% 3% Linear
Class 11 1.8% 3% Linear
Class 12 0.2% 3% Linear
Class 13 0.3% 3% Linear
Axle Configuration Number of Axles per Truck
Traffic Wander Axle Configuration Vehicle |Single|Tandem| Tridem | Quad
Mean wheel location (mm) 460.0 | |Average axle width (m) 2.6 Class | Axle [ Axle | Axle | Axle
Traffic wander standard deviation (mm) | 254.0 | |Dual tire spacing (mm) 305.0 | | Class4 | 1.62 0.39 0 0
Design lane width (m) 3.7 Tire pressure (kPa) 827.4 Class 5 2 0 0 0
Class6 | 1.01 0.993 0 0
Average Axle Spacing | | Wheelbase does not apply Class 7 | 1.314| 0.989 | 0.03 0
Tandem axle 15 Class 8 [ 2.163 | 0.845 0 0
spacing (m) Class 9 | 1.055 | 1.968 0.003 0
Tridem axle 17 Class 10| 1.446 | 1.234 [ 0.7 | 0.088
spacing (m) . Class 11| 4546 | 0.168 0 0
%‘;’d axle spacing | 4 5 Class 12 2.857 | 1526 | 0 0
Class 13| 1.201 | 2.058 0.848 | 0.024
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* Traffic cap is not enforced

AADTT(Average Annual Daily Truck Traffic)

AADTT(Average Annual Daily Truck Traffic)

Heavy Trucks{cumulative)
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Climate Inputs

Climate Data Sources: Emo ———— Monthly Rainfall Statistics

= 108.20
Climate Station Cities: Location (lat lon elevation(m)) & 1297 (ALI5) 3601 :215,;56] Lots ?ff;s

< 17 (a1.66) . .66)
CA, ON 43.50000 -80.62500 369 & %14 as £5en (32.261 "5 A R b

J29.72}4, o : 26.16) 7.94) s

CA, ON 43.00000 -80.00000 210 o E;“‘;;m (20.57)

Annual Statistics:

Rainfall (mm) (mea
=

Mean annual air temperature (°C) 7.96 . c 2 s D s 5 g ST E e
Mean annual precipitation (mm) 1022.60 S = =
Freezing index (°C - days) 521.04

Average annual number of freeze/thaw cycles: 80.61 \(/r\]lqa)ter table depth 10.00

Monthly Climate Summary:

Monthly Temperature Summary

X Marimum

® Average

‘\ Minimum

-10 4

Temperature (deqg C)

-20 4

-30 ; : : : : : : .
5/1985 471987 4/1989 4/1991 4/1993

Date
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= Precipitation - seees Wind Speed X .

4/1995 41997 4/1999 6/2000

- S . = X :' ! Sy iy % ot % -~

c 2504 :;'_”:‘ P 4': .'.. S~

windspeed (km/hr)

' ' ' ' ' ' ' Date
=7 Monthly Sunshine

Sunshine (%)
3

0 . . . : : : : :
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o
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Hourly Air Temperature Distribution by Month:

-25°C to -20°C | -20°C to -15°C | -15°C to -10°C | -10°C to -5°C | -5°Cto0°C | 0°Cto5°C | 5°C to 10°C

Vg 1951957 1955 193 193 1997/1995 195 1903 199 1992/ 199195 1903 00 200,

Vigg¥ 1921957 1953 1963 193 19931995 195 1963 199 ¥ 1962/ 197/ 19qy 1903 0o 0,
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Design Properties

HMA Design Properties

Use Multilayer Rutting Model False Layer Name Layer Type Interface
- - Friction
Using G* based model (not nationally False 3 T Floxible  Default halt
calibrated) oy e e - e ASPRAT Fiexible (1) 1.00
Is NCHRP 1-37A HMA Rutting Model True - — - - —
Coefficients Layer 2 Chemically Stabilized : Chemically Stabilized 1.00
— Soil cement (2)
Endurance Limit - —
Layer 3 Non-stabilized Base : -
Use Reflective Cracking True Crushed stone Non-stabilized Base (4) (1.00
Structure - ICM Properties Ic_;arzs;];lngc:r;;/sglablhzed Base : Non-stabilized Base (4) [1.00
AC surface shortwave absorptivity 0.85 Layer 5 Subgrade : A-6 Subgrade (5) -
238
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Thermal Cracking

=)

AAGHIO

Thermal Contraction Creep Compliance (1/GPa) (Input Level: 3)
Is thermal contraction calculated? True Loading time (sec) -20 °C -10 °C 0 °C
Mix coefficient of thermal contraction (mm/mm/°C) | - 5.57e-002 |8.57e-002 1.16e-001
Aggregate coefficient of thermal contraction 9.06-006 6.17e-002 1.01e-001 1.51e-001
. )
i/mfg’”?ml’w C) — — 707002 |1.25¢-:001  [2.15e-001
oids in Mineral Aggregate (%) : 10 7.836-002 |1.486-001  |2.80e-001
Indirect Tensile Strength (Input Level: 3) 20 8.68e-002  |1.74e-001 3.65e-001
Test Temperature (°C) |Indirect Tensilte Strength (Mpa) 50 9.94e-002  [2.16e-001 5.19e-001
100 1.10e-001 2.55e-001 6.77e-001
-10.0 2.79
0.6 Creep Compliance {(1/GPa)
o
a
[
-
o
W
.E X -20 °C
_Q AN o
g MW -10 °oC
S @0 °C
Q
o
o
1™
o
-9
04 . . . . . . , . . .
0 10 20 30 40 S0 60 70 20 20 10c
Loading Time {sec)
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HMA Layer 1: Layer 1 Flexible : Default asphalt concrete

laster Curve HMA Layer 1
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Layer Information

Layer 1 Flexible : Default asphalt concrete
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General Info

AAGHIO

Asphalt

Thickness (mm) 40.0

Unit weight (kgf/m”3) [460.0

Poisson's ratio Is Calculated? False
Ratio 0.35

Parameter A -

Parameter B -

Asphalt Dynamic Modulus (Input Level: 3)

Name Value
Reference temperature (°C) 211
Effective binder content (%) 11.8
Air voids (%) 7
Thermal conductivity (watt/meter-

kelvin) 1.16
Heat capacity (joule/kg-kelvin ) 963
Identifiers

Field Value

Display name/identifier |Default asphalt concrete

Description of object

Author

Date Created

9/16/2010 1:00:00 AM

Approver

Date approved

9/16/2010 1:00:00 AM

State

District

Gradation Percent Passing

19 mm sieve 100

9.5 mm sieve 77

4.75 mm sieve 60

0.075mm sieve 6

Asphalt Binder

Parameter Value

Grade Superpave Performance Grade

Binder Type 64-28

A 10.312

VTS -3.44

246
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by:

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number 0

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM
by:
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Layer 2 Chemically Stabilized : Soil cement

Semi-Rigid

Chemically stabilized base crack spacing 8
(m)

Chemically stabilized base transverse 50
crack LTE (%)

Fatigue LTE (%) 50
Chemically Stabilized

Layer thickness (mm) 300
Poisson's ratio 0.2
Unit weight (kgf/m*3) 2100
Strength

Elastic/resilient modulus (MPa) p664
Thermal

Heat capacity (joule/kg-kelvin) 1172.3
Thermal conductivity (watt/meter-kelvin) [2.16

Reported

with version: 2.5.5+7117.27682

on: 22/11/2019 2:31 AM

Created

with version: 2.5.5+7117.27682

on: 22/08/2019 1:17 PM
by:

247

AAGHIO

Identifiers
Field Value
Display name/identifier |Soil cement

Description of object

Default material

Author

AASHTO

Date Created

1/1/2011 12:00:00 AM

Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682

Approved .. 5>/08/2019 1:17 PM

by:
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Layer 3 Non-stabilized Base : Crushed stone
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Unbound
Layer thickness (mm) 280.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

250.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |Crushed stone

Description of object

Default material

Sieve

Liquid Limit

6.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/im”"3)

False 2048.3

Saturated hydraulic conductivity
(m/hr)

False 2.257e-02

Specific gravity of solids

False 2.7

Water Content (%)

False 7

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

3.0919

bf

2.6074

cf

0.7701

hr

110.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:31 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 5.0

0.150mm

0.180mm

0.250mm

0.300mm 13.5

0.425mm

0.600mm

0.850mm

1.18mm 27.5

2.0mm

2.36mm

4.75mm 45.0

9.5mm 61.5

12.5mm

19.0mm 92.5

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

248

by:
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Layer 4 Non-stabilized Base : Crushed gravel
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Unbound
Layer thickness (mm) 500.0
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

150.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier

Crushed gravel

Description of object

Default material

Sieve

Liquid Limit

11.0

Plasticity Index

1.0

Is layer compacted?

False

Is User

Defined?| Value

Maximum dry unit weight
(kgf/m”3)

False 2012.4

Saturated hydraulic conductivity
(m/hr)

False 6.883e-03

Specific gravity of solids

False 2.7

Water Content (%)

False 8.2

(SWCC)

User-defined Soil Water Characteristic Curve

Is User Defined?

False

af

5.0935

bf

2.5668

cf

0.8576

hr

108.0000

Sieve Size

% Passing

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:31 AM

Reported

Created
by:

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

0.001mm

0.002mm

0.020mm

0.075mm 4.0

0.150mm

0.180mm

0.250mm

0.300mm 33.5

0.425mm

0.600mm

0.850mm

1.18mm 55.0

2.0mm

2.36mm

4.75mm 60.0

9.5mm

12.5mm

19.0mm

25.0mm 75.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

249

by:
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Layer 5 Subgrade : A-6

Unbound

Layer thickness (mm) Semi-infinite
Poisson's ratio 0.35

Coefficient of lateral earth pressure (k0) 0.5

Modulus (Input

Level: 3)

Analysis Type:

Modify input values by
temperature/moisture

Method:

Resilient Modulus (MPa)

Resilient Modulus (MPa)

35.0

Use Correction factor for NDT modulus? | -

NDT Correction Factor: -
Identifiers
Field Value

Display name/identifier |A-6

Description of object

Default material

Author AASHTO
Date Created 1/1/2011 12:00:00 AM
Approver

Date approved

1/1/2011 12:00:00 AM

State

District

County

Highway

Direction of Travel

From station (km)

To station (km)

Province

User defined field 1

User defined field 2

User defined field 3

Revision Number

with version: 2.5.5+7117.27682
on: 22/11/2019 2:31 AM

Reported

Created
by:

250

with version: 2.5.5+7117.27682
on: 22/08/2019 1:17 PM

Sieve

AAGHIO

Liquid Limit

42.0

Plasticity Index

15.0

Is layer compacted?

False

Is User
Defined?

Value

Maximum dry unit weight
(kgf/m”3)

False

1693.8

Saturated hydraulic conductivity

False

3.012e-06

(m/hr)

Specific gravity of solids

False 2.7

Water Content (%)

False 18.2

User-defined Soil Water Characteristic Curve

(SWCC)

Is User Defined?

False

af

114.8407

bf

0.6389

cf

0.1739

hr

500.0000

Sieve Size

% Passing

0.001mm

0.002mm

25.0

0.020mm

0.075mm

82.0

0.150mm

0.180mm

91.0

0.250mm

0.300mm

0.425mm

95.0

0.600mm

0.850mm

1.18mm

2.0mm

98.0

2.36mm

4.75mm

100.0

9.5mm

100.0

12.5mm

100.0

19.0mm

100.0

25.0mm

100.0

37.5mm

50.0mm

63.0mm

75.0mm

90.0mm

100.0

A 4 With version: 2.5.5+7117.27682
PPIOVED n: 22/08/2019 1:17 PM

by:
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Calibration Coefficients
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=)

C,=00172«H2 — 17331« H,

Where:
H,. = total AC thickness(in)

k. = (Cy + C; = depth) = 0.32819647th
C, = —0.1039 « HZ + 2.4868 « H, — 17.342

AC Fatigue
1 kzn‘gfz 1 J:'5213)":; k1: 3.75
Ny =0.00432 % Cx Briky (a) (E) k2: 2.87
k3: 1.46
— M
¢=10 Bf1: 0.02054
Vi Bf2: 1.38
M =484 —0.69
(Vﬂ G ) Bf3: 0.88
AC Rutting
£
)
£ _ 10% s Thafra pfkabrs .
£, zPr1 £, = plastic struiﬂ(mf r'.n.)

&, = resilient strain(*/; )
T = layer temperature( F )

+ 27.428 N = number of load repetitions

AC Rutting Standard Deviation

0.24 * Pow(RUT,0.8026) + 0.001

AC Layer 1

K1:-2.45 K2:3.01 K3:0.22

Br1:0.128 Br2:0.52 Br3:1.36

Thermal Fracture

log Cs’hm_)
o)

AC = (k* Br]* * A+ AK

4 _ l 0(4.389— 2.52%0g( B*,, *n)

C,=400 *N(

Cp= observed amount of thermal cracking(ft/500ft)

k = rofression cosf ficiont determined through field calibration
N() =standard normal distribution evaluated at(])

o = standard deviation of thelog of the depth of cracks in the pavments
€ = crack depth(in)

k. = thickness of asphalt layer(in)

A = Change in the crack depth due to a cooling cycle

AK = Change in the stress intensity factor due to a cooling cycle
A, n = Fracture parameters for the asphalt mixture

E = mixture stif fness

oy = Undamaged mixture tensile strength

By = Calibration parameter

Level 1 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 2 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0

Level 3 K: ((3 * Pow(10,-7)) * Pow(MAAT,4.0319))*1+ 0
CSM Fatigue

kl IEI'.'-'l C;_Sr)

F':Z IEIS'Z

Ny = number of repetitions to fatigue cracking
o, = Tensile stress(psi)
M, = modulus of rupture(psi)

k2: 0.0825

Ny =10
k1:0.972

[Bc1: 1 [Bc2:1

251

with version: 2.5.5+7117.27682
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Unbound Layer Rutting

8, (N) = B ks, (22) e—(§f|

El

8, = permanent deformation for the layer
N = number of repetitions

£, = average veritcal strain{in/in)

£q. 3 p = material properties

£, = resilient strain(in/in)

Base Rutting

Subgrade Rutting

k1: 0.965 [Bs1: 1

k1: 0.675 Bs1: 1

Standard Deviation (BASERUT)
0.1477 * Pow(BASERUT,0.6711) + 0.001

Standard Deviation (BASERUT)
0.1235 * Pow(SUBRUT,0.5012) + 0.001

AAGHIO

AC Cracking

AC Top Down Cracking

AC Bottom Up Cracking

6000

FC =
14 E(I:'.',_sr:';_-l-ﬁ'zsﬁ';.iogmliﬂsitllﬂ};]

Cy
FCppp = «10.56
1+ EI:EL_EE*EEHiD(DEmHE}:I C} = —2.40874 — 39.748 « (1 + h,,) 2856
Ci=—-2%C}
c1:7 [c2:35  [c3:0 kc4: 1000 c1:1.31  [c2:2.1585

Top down AC Cracking Standard Deviation

Bottom up AC Cracking Standard Deviation

200 + 2300/(1+exp(1.072-2.1654"LOG10(TOP+0.0001)))

1.13 + 13/(1+exp(7.57-15.5"LOG10(BOTTOM+0.0001)))

CSM Cracking

IRI Flexible Pavements

G
FGw = G+

C1 - Rutting 23 - Transverse Crack

1+e C,- ¢, *Jogio (Damage)

2 - Fatigue Crack  C4- Site Factors

c1:0 [c2:75 [c3:2  [c4:2 C1:55 [C2:04 [C3:0.008 |C4:0.015
CSM Standard Deviation
CTB*1
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Reflective Cracking

AC = kiﬂhending + kzﬁshaer'mg + kzﬁtherﬂml

AD

_ uikiﬂbending + u:kzﬂ'shmﬁng + uzkzﬂﬂlerﬂml

"!"Elenliing = ﬂ(SIF}tEII
Ashearing = AGSIF)g
Arherma = A(SIF)T

N
D=Zﬂ]}
i=1

100
RCRz(

Where
AC
AD

kb ks Co, Co, G, Gy, Gs
a'i"nhend.in; 2 a'i"nshea:ing 2 Ashenral

An
N
(SIF)z, {5IF)s,(SIF)r
D

har
ECR
EX_CRK

Cd 4 gCslogh

hgp

) + EX_CRK

Crack length increment m

Incremental damage ratio

= Calibration factors (local and global)

= Crack length increments caused by bending, shearing, and thermal loading
HMA material fracture properties

= Total number of days

= Stress intensity factors caused by bending, shearing, and thermal loading
Damage ratio

Orverlay thickness, in

Cracks in the underlying layers reflected, %

Transverse cracking in underlying pavement layers, fi'mile (transverse cracking)
Alligator cracking in underlying pavement layvers, %o lane area (alligator cracking)

=)
—E

Pavement Type Distress Type |k1 k2 k3 Cc1 C2 C3 C4 C5 Standard Deviation
) 0.000027 * Pow
Semi-Rigid Transverse 045 ]0.05 |1 0.1 0.980910.19 [165.3 51048 (TRANSVERSE,2.1
: 187) + 399.9

1.3897 * Pow
Semi-Rigid Fatigue 045 ]0.05 |1 164 |11 0.19 |62.1 |[-404.6 |(FATIGUE,0.2960)

+0.4212
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APPENDICES-II:

Calculation of Energy Input and Emissions Output for Blending Process
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Machine Information (source: Lafarge Canada):

Capacity of Blower package = 250 hp = 186.425 kW

1kWh =3.6 MJ

Energy consumption if the machine operate at full-capacity for 1-hr = 186.425 kWh = 671 MJ

Machine type: CB-Series

Machine specification (Source: Machine manufacturer webpage):

Capacity = 80 metric tons per hour

Material-to-air ratio = 50 — 20 (50 was chosen for analysis)

= production rate = 80*0.5 = 40 metric tons per hour (assuming full-production capacity)

= Energy consumed per ton of HRB = 671 MJ/ 40 = 16.8 MJ

Emissions (Source: A Life Cycle Perspective of Concrete and Asphalt Roadways Embodied and Global
Warming Potential, page 67, Table 6)

GWP =CO02 + 23 CH4 + 296 N,O

Emissions (kg) per GJ of electricity (Ontario)

CO, =186.7
CH;=0.19622
N,O = 0.000645

Ontario

HRBI1 HRB2 HRB3
FDR-Binder mix unit wt. (mt/m?) 2.130 2.106 2.064
Vol. of mix/km-lane (m?®) 3.75*%1000*0.3 = 1,125
Wt. of mix/km-lane (mt) 2,396.25 2,369.25 2,322.00
Quantity of binder (mt)
— 6% of the mix 143.78 142.16 139.32
Electric energy (GJ) 2.4 24 2.3
Emissions
CO, (kg) 209 207 203
CHy4 (kg) 0.47 0.47 0.46
N,O (kg) 0.00 0.00 0.00
GWP (kgCO2eq) 221 218 214
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Emissions (kg) per GJ of electricity (Manitoba = Canada)

CO,=71.83
CH4=0.15158
N0 = 0.000525

Manitoba
HRB1 HRB2 HRB3
Quantity (metric tons) 143.8 142.2 139.3
Electric energy (GJ) 2.4 2.4 2.3
Emissions
CO, (kg) 174 172 168
CHg4 (kg) 0.37 0.36 0.35
N>O (kg) 0.00 0.00 0.00
GWP (kgCO2eq) 182 180 177
Emissions (kg) per GJ of electricity (Quebec = Canada)
CO,=2.02
CH4=0.00157
N20 = 0.000006
Quebec
HRB1 HRB2 HRB3
Quantity (metric tons) 143.8 142.2 139.3
Electric energy (GJ) 2.4 2.4 2.3
Emissions
CO, (kg) 4.8 4.8 4.7
CHy (kg) 0.0038 0.0038 0.0037
N>O (kg) 0.00 0.00 0.00
GWP (kgCO2eq) 4.9 4.9 4.7
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