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floz fluid ounces (US) 29.57 milliliters mL mL milliliters 0.034 fluid ounces (US) fl oz
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yd? cubic yards 0.765 meters cubed m3 m?3 meters cubed 1.308 cubic yards yd3
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(exact) (exact)
°F Fahrenheit 5/9 (°F-32) Celsius °C °C Celsius 9/5°C+32 Fahrenheit °F
temperature temperatu temperature temperature
re
ILLUMINATION ILLUMINATION
fc foot-candles 10.76 lux Ix Ix lux 0.0929 foot-candles fc
fl foot-lamberts 3.426 candela/m cd/cm? cd/cm? candela/m? 0.2919 foot-lamberts fl
2
FORCE and PRESSURE FORCE and
or STRESS PRESSURE or
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Ibf pound-force 4.45 newtons N N newtons 0.225 pound-force Ibf
psi pound-force 6.89 kilopascals kPa kPa kilopascals 0.145 pound-force psi
per square per square

inch inch
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Executive Summary

Executive Summary

The Superpave volumetric mix design should be complemented with performance criteria to evaluate
mix resistance to cracking, rutting and moisture damage. Asphalt pavements experience a wide range of
temperatures that lead to various distresses. Rutting and cracking have been observed in pavements that
were designed using the Superpave method. With the use of Reclaimed Asphalt Pavement (RAP) and
Reclaimed Asphalt Shingles (RAS), asphalt mixes tend to get stiffer and crack prematurely if not properly
designed. The main objective of this study was to develop performance thresholds for major pavement
distresses in Idaho. These thresholds can be used to augment the current Superpave mix design by
setting threshold values for performance acceptance. In addition, these values can be used for
performance-based design or Balanced Mix Design (BMD) in Idaho. Cracking and rutting were found to
be the major distresses in Idaho. This study examined the cracking and rutting performance of various
asphalt mix specimens including field cores, Plant Mixed-Laboratory Compacted (PMLC) mixes, and
Laboratory Mixed-Laboratory Compacted (LMLC) mixes.

Based on the findings of the literature review, two rutting assessment tests were selected and used in
this study; Hamburg wheel-tracking test (HWTT) and Asphalt Pavement Analyzer (APA) rut test. Three
rutting resistance performance indicators (HWTT1s000, HWTT20000, and APAgogo) Were assessed. The
cracking tests included monotonic tests (Indirect Tension [IDT] test [ASTM D6931], semi-circle bending
flexibility index [SCB-FI] test [AASHTO TP 124], and semi-circle bending Jc [SCB-Jc] test [ASTM D8044]), in
addition to a newly developed test called Multi-Stage Semi-circle bending Dynamic (MSSD) test that was
developed by the research team in this study. A total number of 12 cracking assessment performance
indicators (Gracture [IDT], Giracture [SCB-FI] , CRI [IDT] , CRI [SCB-FI], FI [IDT], FI [SCB-FI] , IDEAL-CTindex, Nflex
factor, IDTstrength, IDTmodulus , Jc, and Weibullcri) calculated from the monotonic tests were evaluated. The
Weibull Cracking Resistance Index (Weibuller) index is a new performance indicator that was developed
by the research team and it is calculated using the IDT test. In addition, two cracking resistance
indicators were calculated from the MSSD test.

Based on the results of field performance and laboratory testing, this study proposed performance
thresholds to ensure adequate resistance to cracking, rutting, and moisture damage. Two cracking
resistance indicators were recommended; Weibullcg calculated from the IDT test and the slope (z) of the
MSSD test. Good cracking resistance was associated with higher Weibullcz (Weibuller > 4.7) and small
MSSD slope (z < 1.9), while poor cracking resistance was associated with lower Weibullcr (Weibullcg <
3.57) and higher MSSD slope (z > 2.9). Thresholds for other performance indicators calculated from the
monotonic tests were also proposed. In addition, this study proposed two rutting performance
thresholds for the HWTT and APA. A maximum rut depth of 10 mm for HWTT after 15,000 passes at

50 °C and 5 mm after 8,000 cycles for APA are proposed to ensure good rutting resistance. The HWTT
test is recommended over the APA rut test since it can be used to evaluate both rutting and moisture
damage resistance.
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Chapter 1 Introduction

Chapter 1
Introduction

Overview

The Superpave design system was developed under the Strategic Highway Research Program (SHRP)
program in the late 1990s. It aimed to produce economical asphalt mixes that have adequate asphalt
content, air void content, voids in the mineral aggregate, workability, and acceptable field performance *.
Three design levels (i.e., Level 1, Level 2, and Level 3) were proposed for the Superpave mix design. Level
1 is widely used and includes material performance specifications where mixes are designed to satisfy
the volumetric requirements (e.g., AV, VMA, VFA, etc.) without evaluation of mix performance. Levels 2
and 3 include performance specifications where mixes are evaluated for rutting, fatigue cracking, and
thermal cracking using laboratory tests 1. Meanwhile, the Superpave implementation was limited to
Level 1 since it requires less time and efforts.

Pavement distresses (e.g., rutting and cracking) are observed in pavements designed using the
Superpave procedure. The resistance of asphalt mixes to rutting, cracking, and moisture damage is
evaluated, and performance specifications are used to augment the Superpave mix design. Several
transportation agencies have developed and adopted various performance-related specifications to
ensure good performance in the field. These performance-related specifications may vary from state to
another depending on several factors including mix design, climatic conditions, local materials used in
the mix, traffic levels, etc. Various performance indicators and criteria are proposed in the literature, and
thus selecting the proper indicators and criteria for Idaho should be based on a comprehensive
evaluation. This study aims to assist the Idaho Transportation Department (ITD) to evaluate, develop,
and adopt well-validated performance indicators and thresholds to avoid premature distresses in asphalt
pavements. Also, these performance measures can allow the department to control the amount of RAP
in asphalt mixtures.

Problem Statement

The Superpave volumetric mix design should be complemented with performance criteria to evaluate
mix resistance to cracking, rutting and moisture damage. Asphalt pavements experience a wide range of
temperatures that lead to various distresses. Rutting and cracking are observed in pavements in Idaho
that are designed using the Superpave procedure. With the use of Reclaimed Asphalt Pavement (RAP)
and Reclaimed Asphalt Shingles (RAS), asphalt mixes tend to get stiffer and crack prematurely if not
properly designed. A previous research in Idaho (RP 213) recommended adoption of a cracking
resistance criterion for mixes with RAP materials. Several state departments of transportation have
already developed and implemented performance measures to evaluate the resistance of asphalt mixes
to rutting, cracking, and moisture damage. Therefore, there is a need to develop and evaluate
performance measures for asphalt mixes in Idaho. The proposed performance measures shall augment
the current Superpave mix design method by setting threshold values for performance acceptance.
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Research Objectives

The objectives of this study were to:

1. Identify performance tests and indicators used by various transportation agencies to evaluate
the resistance of asphalt mixes to cracking and rutting.

2. Examine and evaluate various tests to assess the resistance of asphalt mixes to cracking and
rutting and correlate the results to field performance.

3. Select the most promising performance indicators and propose new ones that are found to
correlate with field performance.

4. Develop performance thresholds that can be used to evaluate the resistance of asphalt mixes to
cracking and rutting.

Project Tasks
The objectives of this study were achieved by conducting the following tasks:

Task 1: Literature review

Under this task, the research team conducted a literature review to document the current tests and
performance indicators used by various transportation agencies to evaluate cracking and rutting of
asphalt mixes. In addition, the team reviewed the specification thresholds set by different states for
these tests. The outcome of the literature review was used to identify the most promising laboratory
tests that were conducted in this study to assess the performance of asphalt mixes. Many factors
were considered when selecting the performance tests including their applicability to simulate field
performance, simplicity of the test, applicability to Idaho conditions, availability of the equipment at
ITD laboratories, and being cost- and time-effective.

Task 2: Identify and select pavement sites for evaluation

The objective of Task 2 was to select candidate pavement sites with known field performance and
obtain field cores from these sites. These sites were selected with the help from ITD Material
Engineers who completed a survey to identify test sites with different characteristics for evaluation.
These sections selected to have different field performance with regard to cracking and rutting and
they were distributed across the state of Idaho. These projects used asphalt mixes with different
properties (i.e., mix design, binder content, binder grade, RAP, aggregate type, etc.).

Task 3: Conduct field performance evaluation and collect cores and virgin materials

Under this task, the research team with the help from ITD obtained field cores and collected loose
materials from 10 new paving projects across the state. Field cores were extracted between the
wheel path, shoulder, or turning lanes depending on the conditions of each project. The team
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obtained the historical information about the performance of the selected projects and relevant mix
design data (e.g., job mix design data sheet). In addition, loose asphalt materials from several new
paving projects were collected. Similarly, the mix design for loose asphalt materials was obtained.
Furthermore, the team collected virgin materials (asphalt and aggregates) and prepared asphalt
mixture samples to evaluate the sensitivity of various performance tests and indicators to mix
properties (e.g., binder type and performance grade).

Task 4: Conduct laboratory performance tests

The research team conducted several laboratory tests to evaluate the resistance of asphalt mixes to
cracking and rutting. The cracking tests include monotonic cracking tests (e.g., Indirect Tension Test
[IDT] [ASTM D6931], Semi-Circle Bending Flexibility Index test [SCB-FI] [AASHTO TP 124], Semi-Circle
Bending Jc [SCB-Jc] test [TR 330]), in addition to Multi-Stage Semi-circle bending Dynamic test (MSSD)
that was developed by the research team. Various cracking resistance performance indicators were
calculated and evaluated from the cracking tests. These indicators include the Weibull-cracking
resistance index (Weibullcr)) that was also developed and proposed by the research team. The rutting
tests included Hamburg Wheel Tracking Test (HWTT) and Asphalt Pavement Analyzer (APA). In
addition, the HWTT test was also used to assess the moisture susceptibility of the test materials.

Task 5: Comprehensive evaluation of laboratory and field performance data

The results of the laboratory testing program conducted under Task 4 were analyzed and compared
to observed field performance. Statistical analysis was used to analyze the variation of the results of
the various tests and performance indicators. The research team evaluated the applicability of
various performance tests to assess the resistance of the asphalt mixes to rutting and cracking. The
evaluation of various test methods considered the simplicity of the test, availability of equipment,
need for skilled staff, required time, and cost of the test. Based on the laboratory test results and field
performance evaluation, the most promising and applicable performance assessment tests and
indicators were selected and recommended.

Task 6: Develop performance-related test specifications

Based on the findings of Task 5, the research team developed specifications for selected performance
indicators to ensure adequate resistance to cracking, rutting, and moisture damage. The proposed
thresholds were compared to those adopted and used by other transportation agencies. These
proposed performance specifications are recommended to augment the mix design in Idaho.

Report Organization

This report consists of the following seven chapters and five appendices.
Chapter 1 provides an introduction to this research project and presents the problem statement,

3



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

research objectives, research tasks, and report organization.

Chapter 2 presents a literature review of available laboratory tests used to evaluate the performance of
asphalt mixes and the current performance measures developed by various transportation agencies.

Chapter 3 provides information about asphalt mixes and field projects evaluated in this study. It also
discusses the current ITD specifications for hot-mix asphalt (HMA) mixes. In addition, this chapter
documents the methods used by the researchers to evaluate the performance of test materials to
cracking, rutting, and moisture damage.

Chapter 4 presents further information about the selected testing protocols and various performance
indicators and their mathematical calculations. In addition, Chapter 4 discusses the development of the
MSSD test and the Weibullcr indictor used to assess the resistance of asphalt mixes to cracking.

Chapter 5 documents and presents the results for various tests used to evaluate the cracking resistance
of the test materials. The tests include dynamic as well as monotonic testing. Various performance
indicators were calculated, and the results were compared to field performance. The variability of the
test results of different performance indicators was also studied. In addition, Chapter 5 presents the
proposed performance thresholds to ensure adequate resistance to cracking.

Chapter 6 presents the results of the rutting and moisture damage tests as well the proposed thresholds
to ensure adequate resistance to rutting and moisture damage.

Chapter 7 summarizes the main findings of this study and provides implementation plan for ITD to
consider as well as recommendations for future studies.

Appendices provide additional information and figures that were cited and discussed in the report.
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Chapter 2
Literature Review

Introduction

Various performance tests are used to evaluate the resistance of asphalt mixes to cracking and rutting,
and transportation agencies develop their own performance specifications for each test and indicator.
This chapter presents a literature review of available laboratory tests used to evaluate the performance
of asphalt mixes and the current performance measures developed by various transportation agencies.

Rutting Tests and Previous Studies

Rutting is defined as a longitudinal surface depression in the wheel path 2. Several causes can lead to
rutting in asphalt pavements including insufficient compaction, excess binder content, improper
selection of binder grade, inadequate thickness, and consolidation of base and subgrade due to repeated
traffic loading. Researchers have developed standard laboratory test methods to evaluate the resistance
of asphalt mixes to rutting. These tests include dynamic modulus, flow number, flow time, in addition to
Hamburg Wheel Tracking Test (HWTT) and Asphalt Pavement Analyzer (APA). These tests are described
in the sections that follow.

Asphalt Mixture Performance Tester (AMPT)

The AMPT is used to conduct the dynamic modulus, flow number, and flow time tests. These tests are
used to evaluate the rutting resistance of asphalt mixes.

Dynamic Modulus (DM) Test

This test is conducted in accordance with AASHTO T 342 Standard Method of Test for Determining the
Dynamic Modulus of Hot-Mix Asphalt Concrete Mixes. The dynamic modulus (DM) is the ratio between
the applied stress amplitude and resulting strain amplitude. The lag between the peak stress and
resulting peak strain is referred to as the phase angle. This test is conducted at five different
temperatures (-10 °C, 4.4 °C, 21.1 °C, 37.8 °C, and 54.4 °C) and six loading frequencies (0.1 Hz, 0.5 Hz,
1.0 Hz, 5 Hz, 10 Hz, and 25 Hz) at each temperature. Three axial linear variable differential transformers
(LVDTs) are used to measure the axial deformation during the test, as shown in Figure 1. A sinusoidal
loading is applied and adjusted to obtain axial strain between 50 and 150 micro strain. Upon completion
of testing, the DM master curve is constructed to describe the performance of the mix at different
frequencies and temperatures. Calibrated rutting models are used to develop pass/fail criteria based on
thickness of the HMA layer, design traffic level and speed, and environmental conditions. Figure 2
presents a schematic of using the DM as a mix design tool. The mixes should attain a minimum allowable
DM to ensure good rutting performance. Currently, the DM is considered as one of primary inputs in
AASHTO mechanistic empirical (ME) design Level 1 3>,
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(b) Test setup

(a) Mounting LVDT holders

Figure 1 Dynamic Modulus Test Setup ©
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Figure 2 Using E* as Asphalt Mixture Design Tool (Pass/Fail Threshold) 3

Flow Number Test (FN)

This test is conducted in accordance with the AASHTO T 378 Standard Method of Test for Determining
the Dynamic Modulus and Flow Number for Asphalt Mixes using the Asphalt Mixture Performance Tester

(AMPT). In this test, a repeated haversine load is applied to a test specimen. The load consists of 0.1
second loading pulse followed by 0.9 second rest period. The cumulative permanent strain is calculated
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and plotted against the loading cycles as shown in Figure 3. Three different regions or zones can be
identified based on the change in the rate of cumulative permanent strain: primary, secondary, and
tertiary. The rate of the cumulative permanent strain decreases in the primary zone, while it is constant
in the secondary zone. The tertiary zone starts when the rate of cumulative permanent strain increases.
The flow number is defined as the number of loading cycles when the tertiary flow starts .

A Tertiary

| |

ol
-+

Permanent Strain (in/in)

N FN (Flow Number)

Figure 3 Number of Loading Cycles versus the Accumulated Permanent Strain ®

Flow Time Test (FT)

In this test, an axial static load is applied. The total compliance (D[t]) is calculated as the ratio of the
measured strain to the applied stress. The total compliance (D[t]) is plotted against time as shown in
Figure 4. Similar to the Flow Number test, three zones are identified based on the strain rate; primary,
secondary, and tertiary (Figure 4). The flow time is defined when the tertiary region starts. Figure 4
presents the recommended minimum values for the flow time and flow number tests by NCHRP Project
9-33°,

D) a AV=0  Ar=0

Secondary ‘\'Te riary

Flow Time when
Shear Deformation Begins

-

HPrimary

-

Time

Figure 4 Flow Time Test Output ’
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Table 1 Flow Number Pass/Fail Criteria *

Traffic Level Flow Number (FN) .
(Million ESALs) (# Load Cycles) Flow Time (FT)
ESALs <3 0 0
3<ESALs< 10 200 5
10 < ESALs < 30 320 4
ESALs >30 580 3

Hamburg Wheel-Tracking Test

The Hamburg Wheel-Tracking Test (HWTT) was developed in Hamburg, Germany and is used to evaluate
rutting resistance and moisture susceptibility of asphalt mixes. Figure 5 shows a Hamburg test setup.
Steel wheel rollers (17 mm wide and 158 |b force) are operated backward and forward over cylindrical
asphalt mixture specimens. Specimens can be tested in dry conditions or submerged in water bath at a
controlled temperature. The rut depth is measured along the roller path during the test, and generally,
the test is performed for 20,000 passes. The HWTT has many advantages that make it a popular test. The
variation in the rut depth results is very small between two replicates &, In addition, researchers found
this test to closely simulate the field conditions °.

Many state department of transportations (DOTs) in the United States have adopted the Hamburg
Wheel-Track Test in accordance with AASHTO T324. Table 2 presents the developed rutting performance
thresholds by several state DOTs including Texas Department of Transportation (TxDOT), Washington
State Department of Transportation (WSDOT), Colorado Department of Transportation (CODOT),
Louisiana Department of Transportation (LADOT), and Montana Department of Transportation (MTDOT).

Figure 5 Hamburg Wheel Tracking Test Setup *°
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Table 2 HWTT Rutting Performance Threshold -7

Test
poT Procedure Rutting limits for various PG grading or mixture type
TXDOT | Tex-242-F <=PG 64; 10,000 passes @12.5mm rut depth tested at 50 °C
TXDOT | Tex-242-F PG 70; 15,000 passes @12.5mm rut depth tested at 50 °C
TXDOT | Tex-242-F =>PG 76; 20,000 passes @12.5mm rut depth tested at 50 °C
AASHTO T
WSDOT 324 15,000 passes @10 mm rut depth tested at 50 °C
CODOT | CP-L5112 10,000 passes @ 4 mm rut depth tested at 50 °C
Minimum of 10,000 passes @13 mm rut depth for mix design (for PG 58-
MTDOT | MT 334-14
28,64-22,64-28 and 70-28)
Minimum of 10,000 passes @13 mm rut depth for mix design (for PG 58-
MTDOT | MT 334-14
28,64-22,64-28 and 70-28)
LADOT AASHTO T Incidental Paving and ATB; Design Level 1; Max rut depth at 50 °C: 10 mm @
324 10,000 passes
LADOT AASHTO T Wearing and Binder Course; Design Level 1; Max rut depth at 50 °C: 10 mm
324 @ 20,000 passes
LADOT AASHTO T Wearing and Binder Course; Design Level 2; Max rut depth at 50 °C: 6 mm
324 @ 20,000 passes
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Asphalt Pavement Analyzer (APA)

The Asphalt Pavement Analyzer (APA) is an updated version of the Georgia Loaded Wheel Tester (GLWT)
that was developed by the Georgia Department of Transportation (GDOT). It is an accelerated laboratory
loading equipment that simulates traffic using loaded steel wheels as shown CV 6. The APA machine can
be used to perform HWTT, APA rut test, and moisture damage tests. The wheels travel along cylindrical
or beam of asphalt mixes specimens. The rutting test is performed in accordance with AASHTO T340 28,
Six to four specimens of 150 mm in diameter and 77 mm in height are used in this rutting test. Stainless
steel concave wheels are used to apply the load using pressurized rubber hoses as shown Figure 6. The
test specimens are then preheated before testing at a minimum of 6 hours at a temperature equivalent
to the high-performance grade (PG) of the binder. The rut depth is recorded after each cycle and the
average rut depth is reported after 8,000 cycles. The APA rut test was found to correlate and simulate
the field performance %%, Several states developed rutting performance thresholds for the APA rut test
as listed in Table 3.

Figure 6 APA Rut Test Setup

Cracking Tests and Previous Studies

Fatigue cracking occurs commonly in the wheel path because it is subjected to repeated traffic loading
and starts as a series of interconnected cracks before it develops in many-sided, sharp-angled pieces 2.
Several causes may lead to fatigue cracking including inadequate structural support, inadequate
structural design, overloading, poor construction, and poor drainage.

Fatigue cracking is often classified into three levels of severity: high, moderate, and low. The cracks that
are mainly perpendicular to the pavement centerline are referred to as thermal or transverse cracks.
These cracks are often caused by shrinkage of asphalt layer due to daily temperature cycling, binder
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hardening, and/or reflective cracking from underlying layers. The thermal cracks are also classified into
three levels: low, moderate, and high based on the depth of the cracks. There are several testing
methods and protocols that have been proposed to assess cracking resistance of asphalt mixes. The most
common tests are discussed in this section.

Table 3 APA Rutting Test Pass/Fail Criteria 1%

DOT | Test procedure Performance threshold (maximum rut depth @ 8,000 loading cycles)
ITD AASHTO T340 5.0 mm
GDOT GDT 115 7.0 mm for mix design level A
GDOT GDT 115 6.0 mm for mix design level B
GDOT GDT 115 5.0 mm for mix design level C and D
ALDOT ALDOT -401 4.5 mm For ESAL range “E” mixes ((1E107 < ESALs < 3E107)
NJDOT | AASHTO T340 7.0 mm for high RAP, PG 64-22, surface and intermediate course,
NJDOT  AASHTO T340 6.0 mm for binder-rich intermediate course
NJDOT = AASHTO T340 5.0 mm for bottom-rich base course
NJDOT | AASHTO T340 4.0 mm for high RAP, PG 76-22, surface and intermediate course,
NIDOT | AasHTO T340 3.0 mm for bridge deck waterproofing surface course
VDOT VTM-110 7.0 mm for mix designation A
VDOT VTM-110 5.5 mm for mix designation D
VDOT VTM-110 3.5 mm for mix designation E

Semicircular Bending (SCB) Test

The semi-circular bending (SCB) test was initially used to test rock specimens. Recently, however, it has
been used to study the fracture behavior of asphalt mixes where an SCB test specimen is loaded in
compression to measure the fracture properties 2. Figure 7 shows the SCB test specimen that is loaded
at three points. The load and displacement are then measured during the test. The SCB test is often
performed at three different notch depths (i.e., 25.4 mm, 31.8 mm and 38 mm). The fracture parameter
(J-integral, J.) developed by Rice (1968)%, is used to analyze the load-deflection relationship. The J.
represents the slope of strain energy per unit depth versus notch depth. The J.is calculated using

Figure 8. Several researchers have adopted and used the SCB test to study the fracture resistance of
asphalt mixture 3°32, Some transportation agencies have adopted the SCB-J. test to evaluate the cracking
resistance of asphalt mixes. The Louisiana Department of Transportation and Development (LaDOTD)
specified minimum values for the J. of 0.5 kJ/m? and 0.6 klJ/m? for level 1 and level 2 mix design,
respectively 1°. The test is performed in accordance with standard test method TR — 330-14 3. A previous
ITD research study (RP 181) investigated the SCB-Jc to evaluate the performance of Superpave mix design
in Idaho **.
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Figure 7 SCB Specimen and Testing Fixture

(1)

Figure 8 J. Calculation Equation

where:

Je = Strain energy release rate (kJ/m?)

U = Strain energy to failure (kJ)

t = Specimen thickness (mm)

a = Specimen notch depth (mm)

du/da = Variation of strain energy with notch depth (kJ/mm)

The Illinois Department of Transportation (IDOT) proposed and developed a performance indicator called
lllinois flexibility index (FI) to evaluate the resistance of asphalt mixes to cracking . In the Flexibility
Index (Fl) test, a SCB specimen is tested at only one notch depth. The Flexibility Index (Fl) is conducted in
accordance with AASHTO TP 124-16 3¢, The Fl is calculated using the equation presented in Figure 9.
Higher values of Fl indicate better cracking resistance. The IDOT is in the process of developing pass/fail
criteria ¥,

Total
Fracture

| Post —peak
Inflection

FI = 0.01 =

Figure 9 Flexibility Index Calculation Formula
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where:

FI = Flexibility Index

Ggrotal = Total fracture energy (J/m?)
Postpeak = Post-peak inflection point

Comparison Between Laboratory and Field Performance

Kim et al. (2012) investigated the fracture resistance of various asphalt mixes using the SCB and IDT test
methods %. The study included five laboratory asphalt mixes and more than 20 field projects. The
researchers measured J. values, IDT-strength, and IDT-toughness index for Laboratory Mixed-Laboratory
Compacted (LMLC) and Plant Mixed-Laboratory Compacted (PMLC) mixes. The researchers found a good
correlation between J. values and field cracking rate for LMLC mixes as shown in Figure 10. In addition,
the Jc values had a good correlation with the toughness index.

)

% 1.0E+4

p= o o Measured

Q

= 1.0E+3

E

2

5 1.0E+2

2

& 1.0E+1

£ ‘
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S 0.0 0.5 1.0 15 20
Je (kd/m?)

Figure 10 Relationship between Field Cracking Resistance and SCB Jc Values 3

Mohammad et al. (2012) evaluated the correlation between J.and field fatigue performance for asphalt
mixes 3°. The study included nine field projects distributed across Louisiana. The J.values were computed
for PMLC and LMLC mixes at the time of construction. The J.values were between 0.74 k/m? and 1.57
kJ/m?2. Field cracking resistance were monitored using an Automated Road Analyzer (ARAN) system. The
study reported a good correlation between J. values and field cracking performance. The researchers
developed a regression model between J. and field cracking rate. The authors concluded that the J.
showed a good correlation with the field cracking performance.

Nsengiyumva (2015) examined the effect of several test conditions on SCB test results, including
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specimen thickness, notch length, loading rate, and test temperature “°. Four different thicknesses (30
mm, 40 mm, 50 mm, and 60 mm), five different notch lengths (0 mm, 5 mm, 15 mm, 25 mm, and 40
mm), five different loading rates (0.1 mm/min, 0.5 mm/min, 1.0 mm/min, 5 mm/min and 10 mm/min),
and three test temperatures (15 °C, 21 °C, and 40 °C) were evaluated in this study. The researchers
measured the fracture energy (Gs) of the test samples at these various test conditions and recommended
a thickness range of 40 mm to 60 mm and a notch length of 15 mm for good test repeatability. The
loading rate was not found to affect the variation of test results. In addition, a test temperature of 21 °C
was recommended.

Al-Qadi et al. (2015) proposed a new cracking testing protocol (SCB-Illinois) and cracking assessment
indicator (Flexibility Index [FI]) *°. In the SCB-Illinois test, a test specimen with one notch depth (15 mm)
is loaded at a constant displacement rate of 50 mm/min at 20 °C. Al-Qadi et al. (2015) demonstrated
that using Gt as standalone performance indicator is not sufficient, thus they introduced Fl to overcome
the limitations of Gt. The Fl parameter is a normalization of fracture energy (Gs) with respect to the post-
peak slope (Figure 9). Higher Fl indicates better cracking resistance. The new testing protocol and
performance indicator were validated using 11 LMLC, 15 PMLC, and numerous field projects. The
authors proposed performance thresholds based on Fl indicator. The performance of asphalt mixes in
terms of crack resistance was categorized into three categories 1) poor performance, 2) intermediate
performance, and 3) best performance. Asphalt mixes with poor cracking resistance had an Fl of less
than 2, while mixes with intermediate resistance to cracking had Fl between 2 and 6.5. Asphalt mixes
with good resistance to cracking had Fl higher than 6.5.

Ozer et al. (2016) evaluated 11 LMLC mixes with different RAP and RAS contents *!. The researchers
examined the cracking resistance in the field and correlated the results to FIl measured in the laboratory.
Based on the results of this study, the researchers proposed threshold values for Fl for different mixture
classifications as presented in Table 4. The authors recommended to adjust the proposed thresholds to
account for PMLC mixes and local conditions **.

Table 4 Proposed Flexibility Index (Fl) Performance Threshold

Mixture Classification Acceptance Flexibility Index (FI) Rut depth

Acceptable and High

Stiff and Flexible Performance (1)

FI > 10 <7.5 mm

Stiff and Flexible Acceptable (I1) FI>6 <12.5 mm

Soft and Flexible Crack Retardant' FI>10 NA
Interlayer Type of Mixes

Stiff and Brittle Reject FI<6 <12.5 mm

Soft and Unstable Reject FI>6 >12.5 mm

Cooper lll et al. (2016) evaluated a simplified SCB test as an end result parameter for testing asphalt
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concrete mixes 2. The researchers evaluated 40 mixes from the Louisiana Transportation Research
Center (LTRC) database and various mixes from six field projects were evaluated. They examined various
notch depths (i.e., 25.4 mm, 31.8 mm, and 38 mm) and tested four samples at each notch depth. The air
void was 7.0 £ 0.50 percent for all the test specimens. The test temperature was fixed at 25 °Cand a
loading rate of 0.5 mm/min was used in the test. The researchers found that, the computed J. values for
gyratory compacted specimens (PL) and field cores (PF) did not indicate any indicative trend as shown in
Figure 11. In addition, the researchers found that the average J. increased with an increase of PG as
shown in Figure 12. They recommended a minimum J. of 0.5 kJ/m? for mixes made with binder PG less
than 76 and J. of 0.6 kJ/m? for mixes made with binder PG of 76 or greater.

0.9 IH. mPF

?i““llht

LA93BC LA3235BC LA3235WC LA113BC LA113WC LA93WC LAS19WC USSOWC LA16BC LA1SWC
Mixture ID

Figure 11 Comparison of SCB Jc Values between Laboratory and Field Cores 2
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Figure 12 Fracture Performance for Different PG *
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West et al. (2018) evaluated top-down cracking using Energy Ratio (ER), Overlay test (OT), NCAT Modified
Overlay Test (NCAT-OT), J., FI, and IDEAL-CTindex test 3. The study included seven asphalt mixes used at
the NCAT test track. The results demonstrated that J. was not able to distinguish between mixes with
good and poor resistance to cracking. While, FI, OT, NCAT-OT, and ER had good agreement in ranking the
mixes in terms of their resistance to cracking. The Fl results showed a better statistical grouping
compared to Jcand IDEAL-CTingex- The Fl classified mixes into six statistical groups, Jc classified mixes into
two statistical groups, while IDEAL-CTingex classified mixes into four different statistical groups. In
addition, the study evaluated Pearson correlation between performance indicators as summarized in
Table 5. The IDEAL-CTngex had strong correlation (|r| > 0.8 ) with Texas OT, NCAT-OT, and Fl, and fair
correlation with Jc (r=0.3). The Fl had a direct correlation with Texas OT and NCAT-OT tests and weak
correlation with J. (r = 0.117). Conversely, J. had weak correlations with all parameters. The study
evaluated the proposed performance threshold in the literature for various parameters (e.g., Fl, J¢). Only
two mixes (N2 and S16) had J. higher than 0.5 kJ/m? while, only one mixture had FI higher than 8.

Kaseer et al. (2018) proposed a new cracking resistance indicator called Cracking Resistance Index (CRI)*.
CRI is a normalization of fracture energy by the peak load (Figure 13). higher CRI values indicate better
cracking resistance. The CRI was proposed to overcome the limitations of the lllinois Flexibility Index (Fl)
including moderate/higher variability of test results, difficult index calculations, and inability to study
brittle mixture behavior especially for mixes with higher quantities of RAP and/or RAS #*. The study
examined the sensitivity of CRI and FI to mixture properties (i.e., binder content, binder grade, specimen
thickness, air void content, and aging). LMLC, PMLC mixes, and field projects were evaluated.

Table 5 Pearson Correlation between Mixture Ranking 3

Resilient | Creep DCSEHma Energy TX-0T NCAT- SCB I-FIT
Modulus | Rate Ratio oT (Louisiana)

Creep Rate -0.742 1.000

DCSEnma -0.519 0.212 1.000

Energy Ratio 0.563 -0.956 -0.071 1.000

TX-OT -0.347 0.59 -0.349 -0.585 1.000

NCAT-OT -0.39 0.635 -0.166 -0.627 0.973 1.000

SCB (Louisiana) 0.415 -0.062 -0.333 -0.158 0.426 0.48 1.000

IFIT -0.732 0.76 0.207 -0.641 0.83 0.891 0.117 1

IDEAL-CT -0.461 0.656 -0.248 -0.624 0.991 0.973 0.343 0.887

The findings showed that CRI and Fl were sensitive to change in binder grade, binder content, aging, and
RAP/RAS materials. Softer binder (PG 58-28) had better cracking resistance than stiffer binder (PG 64-
22). The study results showed that CRI was able to differentiate between more performance groups
compared to Fl. The variability in test results was dependent on aging condition. CRI had less variability
than Fl for Short Term Aging Conditions (STOA), while opposite trend was observed for Long Term Aging
Conditions (LTOA) (i.e., brittle mixes). CRI and FI had good correlation (R? > 0.90), but both indicators
showed dependency on specimen thickness and air void content. Fl and CRI had an indirect relation with
specimen thickness and direct relation with air void content.
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GTotal

CRI — Fracture
Peak

Figure 13 CRI Calculation Equation

where:

CRI = Cracking resistance index (J/m?2.KN)
Ggrotal = Total fracture energy (J/m?)

Ppeark = Peak load (KN)

t = Specimen thickness (mm)

Indirect Tension (IDT) Test

The indirect tension (IDT) test involves applying a compressive load with a constant rate on cylindrical
asphalt specimens (Figure 14). The load is applied until the specimen is split along the direction of the
applied load. The axial and horizontal deformations are measured using Linear Variable Displacement
Transducers (LVDTS) #°. The test conditions such as loading mode, temperature, and test setup can be
adjusted to measure different material properties. The IDT test has many advantages. The test procedure
and sample preparation are simple. The failure of the test specimen occurs due to tensile stress, and it is

not affected by the surface conditions of the test specimen 6,
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Figure 14 IDT Test Setup ¥
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Indirect Tension Test- Strength Test

The IDT test is used to measure the strength asphalt mixture samples according to ASTM D-6931 “® and
AASHTO T 322 . The test specimen is loaded at a constant deformation rate until failure. The strength is
obtained by dividing peak load by its geometry (Figure 15). A loading rate of 50 mm/min is
recommended in ASTM D-6931 while it is 12.5 mm/min in AASHTO T 322.

r _ 2000xPpoq

Otesnile nxtxD

Figure 15 Indirect Tensile Strength Calculation Equation

where:

Otesnite’ O = Tensile strength (kPa) determined from IDT test
Ppeark = Peak load (N)

t = Specimen thickness (mm)

D = Specimen diameter (mm)

Indirect Tension Test- Creep Compliance

IDT is also used to conduct creep compliance test on asphalt mixes. This test is used to assess the
resistance to thermal cracking. It is one of the primary inputs in AASHTO pavement ME design. The creep
compliance is the ratio between time-dependent (creep) strain to applied stress. In this test, a constant
compression load is applied to the test specimen. The maximum horizontal deformation should be
maintained between 0.00125 mm to 0.0190 mm for 150 mm diameter specimens. The test is conducted
at three different temperatures depending on the binder PG. The creep compliance is calculated as a
function of time (Figure 16). The creep compliance test is conducted in accordance with AASHTO T 322.

5 _ AXy X Dayg X bgyg
Oavg = Py X GL

X CCmpl

X -1
Compt = 0.6354 X (7) —0.332

Figure 16 Creep Compliance Calculation Formulas

where:
D(t) = Creep compliance at time t (kPa)
GL = Gauge length in meters (0.038 m for 150 mm diameter specimens)
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Davg = Average diameter of test specimens (nearest 0.001 meter)

Dave = Average thickness of test specimens (nearest 0.001 meter)

Pave = Average creep load (kN)

MXim,t = Trimmed mean of the normalized horizontal deformations (nearest 0.001 meter)
(7) = Absolute value normalized trimmed mean of the horizontal deformation ratios

Indirect Tension Test — Fatigue Characterization

The IDT is also used to conduct fatigue tests. The test specimens are subjected to repeated loading, and
the number of cycles until failure (N¢) is often used to describe the fatigue life. However, other failure
criteria were proposed including 50 percent reduction in initial value of the resilient modulus ® and 0.1 in
of deformation #’. Cocurullo et al. (2008) selected a total vertical deformation of 9 mm as failure criteria
>0 Khalid (2000) introduced theoretical criteria based on energy ratio for both control stress and strain
mode of loading °!. Kim and Wen (2002) introduced logit model that uses the fracture energy as
indicator for fatigue cracking . Kim et al. (2012) selected a reduction in normalized pseudo stiffness of
50 percent as failure criteria >2. Nguyen et al. (2016) introduced a new approach that replies on using
digital camera to measure the crack propagation during the test *3. The failure criteria is selected as the
number of cycles when the rate of crack propagation increases rapidly.

Comparison Between Laboratory and Field Performance

Christensen et al. (2000) correlated the IDT strength test to the rutting resistance of asphalt mixes .
They examined 10 asphalt mixes prepared with both modified and unmodified binders. The researchers
developed recommendations for the IDT strength with expected rutting performance as presented in
Table 6.

Table 6 Recommended Guidelines for Rut Resistance using IDT Strength

IDT Strength (kPa) Rut Resistance
> 440 Excellent
>320to 440 Good
>200to 320 Fair
2002 Poor

Marasteanu et al. (2012) studied the performance of laboratory-prepared samples and field cores from
the same mixes °. They examined nine different mixes. The researchers conducted several laboratory
tests that included IDT creep and IDT strength tests, SCB test, and disk-shaped compact tension (DCT)
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tests. The DCT fracture energy values for the laboratory samples and field cores were close as shown in
Figure 17. Marasteanu et al. (2012) did not find a strong correlation between SCB fracture energy, SCB
fracture toughness, and IDT tensile strength when they compared the results of laboratory samples to
field cores.

Wen and Kim (2002) performed IDT creep tests and IDT strength tests on eight fine and coarse mixes in
the laboratory as well as on field cores from the same mixes collected from the WesTrack °¢. The
researchers used Digital Image Correlation (DIC) instead of the conventional LVDT to measure the strain
and calculate the fracture energy. The Poisson’s ratio was computed based on the measured strains and
it was used to calculate the fracture energy from the IDT strength test. They found that the fracture
energy calculated at 20 °C correlated well with the field performance of the same mixes at WesTrack.
Figure 18 shows the correlation between the fracture energy and fatigue cracking at different traffic
levels.
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Figure 18 Relationship between Field Fatigue Performance and Fracture Energy (a) at 2.2 Million ESALs
and (b) at 5 Million ESALs ¢

Zofka and Braham (2009) collected field cores from 10 pavement sections in Minnesota and lllinois.
Performance laboratory tests (SCB, IDT and DCT) were performed on the field cores *’. They compared
the results to the field performance against low temperature cracking. The researchers found that the
DCT and SCB test are the most suitable methods for evaluating the performance of asphalt mixes to low
temperature cracking. In addition, SCB fracture toughness and IDT strength test results had good
correlations with the field performance (Figure 19). The researchers recommended validating the
findings of the study with more laboratory testing and field evaluation.
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Figure 19 Comparison of Laboratory Parameters and Field Performance Data *’

Wen and Bhusal (2013) studied the correlations between IDT test results and the AMPT flow number %,
The AMPT flow number test was conducted according to the AASHTO T 378. The researchers found a
good correlation between the AMPT flow number and IDT flow time (Figure 20 and Figure 21). In
addition, the AMPT flow number correlated well with the IDT strength at high temperature. The
researchers recommended validation of the findings with field performance.

22



Chapter 2 Literature Review

200 v = -0.0246x% + 4.316x + 7.3697

180 RZ = 0.9965
160

140
120
100
80
60
40
20

AMPT Flow Number(Cycles)

0 20 40 60 80
IDT Flow Time (Seconds)

Figure 20 Correlation between IDT Flow time and AMPT Flow Number

Ldt
=
=

y=1.1782x + 52.596
R?*=0.9909

[
L
=

[-2
=
=

150

100

L
=

HT IDT Strength (kPa)

0 50 100 150 200
AMPT Flow Number (Cycles)

Figure 21 Linear Correlation between HT IDT Strength and AMPT Flow 2

West et al. (2018) evaluated four cracking assessment tests including IDT (AASHTO T 283), SCB-Louisiana,
Cantabro test (AASHTO TP108-14), and modified OT (TEX-248-F) *°. The study correlated the laboratory
results and field performance of eight Accelerated Loading Facility (ALF) test sections (Figure 22).
Laboratory specimens were prepared from loose materials collected from construction sites. They
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selected several performance indicators including IDTstrength, IDTmoduius, and Nflex factor (IDT test), J. (SCB
test), average percent loss (Cantabro test), and modified OT cycles to failure (OT test). Results showed
that Jc had no correlation with field performance (R?= 0.05). Weak correlations were also found with
modified OT cycles (R? = 0.41) and IDTstengtn (R? = 0.34). Moderate correlations between field
performance and percent loss (R? = 0.54), IDTmoguis (R? = 0.47), and Nflex (R? = 0.55) were documented.
The correlation between field performance and Nflex was improved (R? = 0.67) after the researchers
adjusted the fatigue field performance (Figure 23).
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Chapter 3
Materials Description and Specimen Preparation

Introduction

Chapter 3 provides information about asphalt mixes and field projects evaluated in this study. It also
discusses the current ITD specifications for HMA mixes. In addition, this chapter documents the methods
used by the researchers to evaluate the performance of field projects in terms of resistance to rutting
and cracking.

ITD Hot Asphalt Mixes

Currently, there are three common asphalt mixes used in Idaho. These mixes include Superpave SP2,
SP3, and SP5 as presented in Table 7 621, Mix type depends on the project design ESALs. ITD specifies
several requirements for asphalt mixes including density (Table 7), aggregate properties and gradation
(Table 8, Table 9, and Table 10), and binder PG adjustments (Table 3.5). Binder PG is selected based on
the project temperature zone using LTPPBind. Moisture damage additives (e.g., antistripping agent or
lime) are added to the mixture as a percent of binder content (minimum of 0.5 percent by weight). ITD
allows using RAP materials but the Recycle Binder Replacement (RBR) should be less than 30 percent,
and the virgin binder PG may need to be adjusted (Table 11) ®. No binder PG adjustment is required for
asphalt mixes with RBR less than 17 percent (Level 1). Mixes with RBR between 17 percent and 30
percent require binder adjustment (Level 2). The binder adjustment is performed using one grade lower
than virgin binder PG at either the high-temperature or low-temperature or both (Table 11) or using
AASHTO M323 blending charts. The adjustment is used to account for the effects of aged RAP binders.

Table 7 ITD Superpave Mixes Requirements ©*

Mixture Type SP2 SP3 SP5
Design ESALs (millions) <1 1<10 >10
7
Gyratory Compaction (Gyrations for Nini) 6 8
Gyratory Compaction (Gyrations for Ndes) 50 75 100
Gyratory Compaction (Gyrations for Nmax) 75 115 160
Relative Density, percent Gmm@ Nini <90.5 <89.0 <89.0
Relative Density, percent Gmm@ Ndes 96.0 96.0 96.0
Relative Density, percent Gmm@ Nmax <98.0 <98.0 <98.0
Air Voids, percent Va 4.0 4.0 4.0
Dust to Binder Ratio Range 0.6-1.2 0.6-1.2 0.6-1.2
Voids Filled with Asphalt (VFA)Range, percent 65-78 65-75 65-75
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Table 8 ITD Aggregate Requirements for HMA Mixes

Mixture Type SP2 SP3 SP5

Design ESALs (millions) <1 1<10 210

Idaho Degradation, maximum loss, 50 50 50
percent

Ethylene Glycol, minimum retained, 90 90 90
percent

80 or more 80 or more 80 or more
R-Value . . .
minimum minimum minimum
LA Wear, Maximum percent loss 35 30 30
Sodium Sulfate Soundness

Maximum loss after 5 cycles, 12 12 12

percent
F F A
ractured Face, anrse ggregate 65/- 75/60 98/98
percent Minimum
Uncompacted Void Cont(.en.t of Fine 40 40 45
Aggregate, percent Minimum
Sand Equivalent, Minimum 35 40 45
Flat and Elongated, percent 10 10 10

Maximum
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Table 9 ITD Aggregate Gradation Requirements for Nominal Maximum Aggregate Size (NMAS)
between 38 mm and 9.50 mm 606!

38mm = 38mm 254mm | 25.4mm 9.5mm | 9.5mm
Sieve size Restricted Control Restricted Control Restricted Control
Zone Points Zone Points Zone Points
2in — — — — — —
11/2in — 90 to 100 — 100 — —
lin — 90 max — 90 to 100 — 100
. 90 to
3/4in — — — 90 max — 100
1/2in — 40to 70 — — — 90 max
3/8in — — — 42t0 70 — 52 to 80
No. 4 34.7 — 39.5 — — —
No. 8 23.3 15to 41 26.8 19to 45 34.6 23to 49
No. 16 15.5 — 18.1 — 23.1 —
No. 30 11.7 — 13.6 — 16.7 —
No. 50 10 — 11.4 — 13.7 —
No. 100 — — — — — —
No. 200 — 0.0 t0 6.0 — 1.0t07.0 — 2';30
VMA 11.0 11.0 12.0 12.0 13.0 13.0
Primary
Control 3/8in 3/8in No. 4 No. 4 No. 4 No. 4
Sieve
PCS Control
Point 47 47 40 40 47 47
( percent
passing)
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Table 10 ITD Aggregate Gradation Requirements for NMAS between 12.5 mm and 4.76 mm 606!

12.5 mm ‘ 12.5 mm 9.5 mm ‘ 9.5 mm 4.76 mm ‘ 4.76 mm
Sieve size Restricted Control Restricted Control Restricted Control
Zone Points Zone Points Zone Points
2in — — — — — —
11/2in — — — — — —
lin — — — — — —
3/4 in — 100 — — — —
1/2in — 90 to 100 — 100 — 100
3/8in — 90 max — 90 to 100 — 95 to 100(a
No. 4 — — — 90 max — 90 to 100
No. 8 39.1 28to 58 47.2 32to 67 — —
No. 16 25.6 — 31.6 — — 30to 55
No. 30 19.1 — 23.5 — — —
No. 50 15.5 — 18.7 — — —
No. 100 — — — — — —
6.0 to
No. 200 — 2.0t010.0 — 2.0t0 10.0 — 13.0(2
VMA 14 14 15 15 16 16
Primary
Control No. 8 No. 8 No. 8 No. 8 No. 16 No. 16
Sieve
PCS Control
Point 39 39 40 40 42 42
( percent
passing)

Table 11 PG Adjustment Levels for Different RBR Percent %!

Virgin Binder Grade

Adjusted Binder Grade

Virgin Binder Grade Level 1 Level 2
58-28 No adjustment needed 58-34
58-34 No adjustment needed No Adjustment Needed
64-28 No adjustment needed 58-34
64-34 No adjustment needed 58-34
70-28 No adjustment needed 64-34
76-28 No adjustment needed 70-34

Testing Materials Properties

Laboratory Mixed-Laboratory Compacted (LMLC) Mixes

The researchers prepared and tested Laboratory Mixed-Laboratory Compacted (LMLC) asphalt mixes.
These mixes were produced and tested to examine the effect of binder PG and content on rutting and

cracking resistance. The testing matrix included six mixes as presented in Table 12. Mixes were designed
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using two binders (i.e., PG 58-34 and PG 70-28) and three binder contents (Optimum Binder Content
[OBC], OBC-0.75 percent, and OBC+0.75 percent). Other mixture properties (e.g., aggregate gradation
and mix type) were kept constant for all test mixes. Basalt rock was used in preparing the test specimens
and Figure 24 shows the aggregate gradation. All LMLC mixes had a Nominal Maximum Aggregate Size
(NMAS) of 12.5 mm, no RBR, and one mix type (i.e., SP3).

Table 12 LMLC Asphalt Mixture Designed Properties

. . . Binder Content
Mixture ID Mix Type NMAS Binder Type (percent)
PG 70-4.25% SP3 12.5mm PG 70-28 4.25
PG 70-5.00% SP3 12.5 mm PG 70-28 5.00
PG 70-5.75% SP3 12.5 mm PG 70-28 5.75
PG 58-4.25% SP3 12.5 mm PG 58-34 4.25
PG 58-5.00% SP3 12.5 mm PG 58-34 5.00
PG 58-5.75% SP3 12.5 mm PG 58-34 5.75
100 Blend : SP3 - 12.5mm 7
gp 4 = =Blend:SP3-12.5mm Z
Density line Vs
80 9 —— upper Limit Vi
70 Lower limit y
£
R
0 T T T T T T T T 71 T T 71 T T T T L L T T T
0.08 0.24 0.72 2.16 6.48 19.44
Sieve opening (mm)

Figure 24 LMLC Aggregate Gradation (SP3-12.5mm)

Plant Mixed-Laboratory Compacted (PMLC)

Our research also evaluated Plant Mixed-Laboratory Compacted (PMLC) mixes obtained from new paving
projects. The resistance of these mixes to cracking, rutting, and moisture damage were examined in the
laboratory. In addition, we examined the variability of various test methods used to assess the
performance of the PMLC and evaluated 10 PMLC mixes distributed across the state as presented in
Table 13. About 200 Ib of loose mixes were sampled and delivered in boxes to the laboratory. Each box

29



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

was clearly labeled with information about the project including key number, MP, Gmm, RAP, and binder
content. The Job Mixes Formulas (JMFs) for all mixes are provided in Appendix A. Table 13 summarizes
the main properties of PMLC mixes. The PMLC included two mix designs (SP3 and SP5), two NMAS (12.5
mm and 19.0 mm), five binder grades (PG 58-28, PG 64-28, PG 64-34, PG 70-28, and PG 76-28), five
binder contents (4.8, 5.2, 5.3, 5.4, and 5.7 percent), and four RBR replacement (0, 29, 30, and 50
percent).

Table 13 PMLC Project Information and Mix Properties

. . Project
#  District Project Construction Key No. Location
ID year (KN)
1-90, Northwest Blvd to Sherman Ave. CDA
! ! D1l1 2017 19002 & US-95, Cocolalla CR Br,Bonner CO
2 2 D2L1 2017 19187 US-12, Arrow Br to Big Canyon Creek Br
3 2 D2L2 2018 19640 TOP of Bear CR. to Pine CR, Latah CO
4 3 D3L1 2017 13463 SH-44/JCT 184 to Star
5 3 D3L2 2017 19412 US20. Borchers Ln to locust grove
6 3 D3L3 2017 13924 SH-67, MPO to JCT 51, Eklmore CO
7 3 D314 2017 13935 FY16 Capital maintenance ACHD
8 3 D3L5 2017 18723 I-84, Cleft to MP90, Elmore CO
9 5 D5L1 2017 13103 I-15, Sands Rd. upass to IC #89, Bingham CO
10 6 D6L1 2017 19543 Spalding Br. to US-12/SH-3
. . Specified @ Virgin Binder Ma.x ] Bul.k.
# | District Project Mix Binder | Binder Content RAP NMAS Speu.flc SpeC|.f|c
ID Type Pb percent Gravity @ Gravity
PG PG
percent Gse Gsb
1 1 D1L1 SP5 64-28 58-34 5.30 30 12.5 2.696 2.646
2 2 D2L1 SP3 70-28 64-34 5.70 50 12.5 2.771 2.672
3 2 D2L2 SP3 64-28 58-34 5.70 30 12.5 2.762 2.799
4 3 D3L1 SP3 70-28 52-34 5.20 50 12.5 2.600 2.575
5 3 D3L2 SP3 70-28 64-34 5.20 30 12.5 2.605 2.563
6 3 D3L3 SP3 64-28 58-34 5.30 30 12.5 2.640 2.582
7 3 D3L4 SP3 70-28 64-34 5.30 30 12.5 2.620 2.555
8 3 D3L5 SP5 76-28 70-34 5.30 30 12.5 2.612 2.578
9 5 D5L1 SP5 70-28 70-28 4.80 30 19.0 2.658 2.656
10 6 D6L1 SP5 64-34 64-34 5.40 0 12.5 2.649 2.614

Field Projects

The team also obtained field cores from various projects across the state. ITD Material Engineers
extracted the cores and shipped them to the laboratory for testing. The cores were delivered in boxes.
Each box had the proper information (e.g., project locations, route name, beginning Mile Post [MP] and
end MP, construction year, and JMF if available). The cores were exacted from sites identified by ITD
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Material Engineers based on a survey that was sent to them (see Table 14). In their responses, they
identified field project with different performance (e.g., good, fair, and poor) to cracking, rutting, and
moisture damage (as available). In addition, they provided information about the mixture design, binder
PG, and age of the identified sections. Table 15 summarizes various mixture properties for the identified
test sections. Table 16 provides information about the location and year of construction of the selected
field projects. A total number of 35 test sections were identified and field cores were obtained and
tested from 17 test sections. Cores from additional test sections were received but later discarded due to
their geometry (very thin), age (> 35 years old), or incomplete information. The number of field cores
extracted from each test section varied but in general about 20 field cores were obtained from each
project. In addition, ITD engineers provided relevant information. Table 17 summarizes the properties of
asphalt mixes for each section. JMFs for some of these field projects are provided in Appendix B.

Table 14 Survey to Identify Test Sections

Section information Section number
Route e
Milepost from
Milepost to
Age (Years) (<5, 5-10, >10)
Mix type and aggregate type

PG Grading

Percent RAP (if any)? Percent binder replacement? Adjusted
binder grade? Extracted RAP PG (if tested)?

Cracking Rating (Good, Fair, Poor)

Cracking Description (e.g., fatigue, thermal, etc.)

Rutting Rating (Good, Fair, Poor)
Rutting Description (Comments.)
Moisture Damage, if any (e.g., stripping)

Table 15 Characteristics of Identified Test Sections

Criteria levels identified
Distress type Fatigue cracking, Rutting, and moisture damage
Distress severity Good, fair, and poor
Mixes type SP2, SP3, SP4, SP5, SP6, CLASS |, CLASS II, and CLASS IlI
PG grading 58-28, 64-28, 64-34, 70-28, and 76-28
RAP (percent) 0-17, 17-30, and >30
Aging (years) Unaged (Virgin materials), <5, 5-10, and >10
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Table 16 Location of Selected Field Projects

# District | Project ID Route Beg;;: ing End MP Cons;;::tion
1 D2 D2C4 USs95 366.6 373.2 2007
2 D2 D2C5 USs95 242 251.1 2010
3 D2 D2C6 USs95 222.4 223.3 2007
4 D2 D2C7 SH6 100 104 2007
5 D2 D2C8 US-95 233.5 239 2006
6 D2 D2C9 SH162 8 13 2007
7 D2 D2C10 SH13 11.2 25.4 2007
8 D2 D2C11 us12 90.7 111.4 2009
9 D2 D2C12 Us95 267.6 271.5 2007
10 b2 D2C13 SH6 7.3 13.52 2010
11 D3 D3C2 US20/26 42.6 44 2016
12 D3 D3C3 SH55 44.7 51.7 2009
13 D3 D3C4 SH44 19.4 21.8 2009
14 D3 D3C5 SH44 14.3 16.2 2013
15 D5 D5C1 US26 272 282.8 1985
16 D6 D6C1 US-26 338.5 342 2010
17 b6 D6C2 20 /32'/93 225 227 2006
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Table 17 Selected Field Projects Properties based on Designed JMF

# *Project ID Mix type @ NMAS = OBC percent RBR percent Design Binder PG
1 D2C4 Hveem 19 *k *x 58-28
2 D2C5 SP4 19 5.29 17.00 64-28
3 D2C6 SP3 ** *k *x 70-22
4 D2C7 SP2 ** *k *x 58-28
5 D2C8 SP3 19 5.00 0.00 70-28
6 D2C9 SP3 12.5 *k *x 58-28
7 D2C10 SP3 12.5 5.27 0.00 64-28
8 D2C11 SP3 12.5 *k *x 58-28
9 D2C12 SP3 12.5 5.53 0.00 64-28
10 D2C13 SP3 12.5 6.35 17.00 58-28
11 D3C2 SP3 12.5 5.20 50.00 76-28
12 D3C3 SP4 12.5 5.49 11.50 64-28
13 D3C4 SP4 12.5 5.56 9.00 64-28
14 D3C5 SP4 19 4.72 28.40 64-28
15 D5C1 Hveem o ok ok ok
16 D6C1 SP4 19 5.29 17.00 64-34
17 D6C2 Hveem o ok ok 64-34

** Missing information

Field Project Performance Evaluation

Based on the results of the survey filled by ITD Material Engineers, two main pavement distresses were
observed; fatigue cracking and rutting. Moisture damage was not found to be a major distress based on
the results of the survey. Also, none of these sections were reported to have any structural deficiency.
Asphalt pavements in the state are designed using Idaho R-value, AASHTO T93, WinFlex 2006, or
Pavement ME. Therefore, the researchers related the field performance to mix properties. In this
section, methods used to evaluate the field performance of the test sections were discussed.

For the field cracking resistance, ITD performs an annual field pavement surface evaluation 2. Two
evaluation methods are used; windshield survey and profiler vehicle survey. Windshield survey involves
visual inspection of pavement surface while driving on the road. The Asset Management Engineer is
often the one who performs this evaluation. The Cracking Index (Cl) is used to describe the cracking
distresses. The Cl ranges between 0 and 5, where 5 indicates excellent performance (no cracks) and 0
indicates severally cracked surface. Roads are divided into different performance groups (e.g., good, fair,
poor, and very poor) based on the Cl and road function class (i.e., collectors and interstate and arterials
roads) as presented in Table 18 2. Pavement engineers use such classification to determine the need for
maintenance and rehabilitation treatments.

Recently, ITD started using the profiler vehicle to conduct pavement distress survey that can replace the
windshield survey. Figure 25 shows the PathRunner profiler used by ITD. This profiler is equipped with
advanced equipment (e.g., high definition cameras, road profiler, GPS, and laser-based crack
measurement) 8. The profiler scans the pavement surface and collects information related to several
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performance measures including rut depth, crack detection, roughness index, and longitudinal and
transverse profile and it stores video logs of the pavement surface. This system determines the crack
types (e.g., transverse, longitudinal, fatigue) and severity. Figure 26 and Figure 27 show examples of the
data collected by the profiler vehicle. The automated crack detection and classification system are used
to determine the overall condition index (OCl) for the tested pavements 6%, The OCl is the weighted
average of Individual Pavement Distress Index (IDI). The IDI is determined based on the severity and
extent of six different types of flexible pavement cracking including fatigue, edge, transverse, block,
patch, and raveling. More details are provided by Poorbaugh (2017) and Kercher engineering (2015) 5264,
The OCl ranges between 0 and 100, where higher OCl indicates pavement in good conditions. Pavement
performance is classified into three groups: 1) good conditions (OCI 2 80), 2) fair conditions (80 < OCI 2
60), and 3) poor conditions (OCI < 60) %54,

Figure 25 PathRunner Profiler used by ITD

Table 18 Pavement Cracking Resistance Categorization based on the Greek Method ©2

Pavement condition category Cracking Index (Cl) Cracking Index (Cl)
Pavement condition category Road functional class Road functional class
Pavement condition category Interstate and arterials Collectors
Good Cl>3 Cl>3
Fair 2.5<Cl 23 2<Cl=23
Poor 2<Cl 22.5 15<Cl22
Very Poor Cl<2 Cl<15

34



Chapter 3 Materials Description and Specimen Preparation

Trans Profile GGrapsh

Lo Loft Eadge Lavrsem Wight Edge

Lol Muk: O0.25%, Bight Mut: O, 18%

O
w Absearid )

Left DIE tighan TOLE

Figure 26 PathRunner Outputs for D1C1 between MP 53 and MP 54; (a) GPS Route Map (b) Road
Perspective, (c) Rut Depth Profile (d) IRI Profile

Figure 27 Example Crack Detection and Classification Software
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In this study, CI, OCI, and ITD Material Engineer’s subjective evaluation were collected. The Cl data were
obtained from the Agile Assets Transportation Asset Management System (TAMS database) managed by
ITD. ITD Material Engineers’ subjective evaluations were provided in the survey completed by the
Material Engineers. In addition, the OCl values were calculated from the video logs. The OCl data were
limited to the last four years. The current practice at ITD is to store the video logs for only four years,
therefore, it was not possible to obtain the OCI prior to the last four years. The history of cracking
resistance is needed to understand the performance decay (decrease in OCI) of test sections over time.
The OCl is highly influenced by surface treatment (mostly seal coat). Such treatments improve the OCI
since they seal the cracks at the surface thus there is a need for cracking resistance records over time to
determine if higher OCl and Cl are related to better mix resistance to cracking or it is caused by the
applied preservation treatments.

The current practice at ITD is to apply a surface treatment as soon as needed, especially for commerce
routes (routes with more than 300 CAADT). In 2017, only 12 percent of statewide pavements had very
poor to poor performance ®2. Figure 28 shows an example of Cl over time for one of the test sections
(D2C8) evaluated in this study. This section is located at US 95 between MP 233.5 and 239. The section
had poor performance (Cl of 3) before a new construction that was conducted in 2006 which was
examined in this study. Due to the new construction, the Cl was increased to 5. A seal coat treatment
was applied in 2009. After that, a small reduction in Cl was documented. In 2016, the section had a Cl of
4.7. Considering these observations, the section performance was described as good in terms of cracking
performance. The research team examined the Cl history for all test sections and considered the lowest
Clin their analysis.

The researchers combined the Cl and the subjective evaluation provided by ITD Material Engineers and
developed Table 19 that presents the Cl and subjective rating by the researchers. They classified the test
sections into three groups; 1) test sections with good cracking resistance (4.5 < Cl > 5), test sections with
fair cracking resistance (3.5 < Cl > 4.5), and test sections with poor cracking resistance (Cl < 3.5). Figure
29 shows a graphical representation of the cracking resistance for all test sections. Sections with good
cracking resistance are presented in green bars, sections with fair cracking resistance are presented in
yellow bars, and sections with poor cracking resistance are presented in red bars. Only two projects were
found to have poor cracking resistance (i.e., D2C13 and D5C2), while seven and eight projects showed
fair and good cracking performance, respectively. In this study, the identified test sections with cracking
deficiency are not likely to be related to any structure design issues. None of these sections were
reported to have any structural deficiency based on the collected survey from ITD Materials Engineers.
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Table 19 Pavement Cracking Resistance Categorization based on the Greek Method

Combined Cracking Index (Cl) | Combined Cracking Index (Cl)
Pavement condition category and ITD Material Engineers and ITD Material Engineers
Survey Survey
Good Cl>3 Cl>3
Fair 2.5<Cl 23 2<Cl23
Poor 25 Cl22.5 1.5<Cl>2
Very Poor Cl<2 Cl<1.5
5.5
5 s
45 —
S i
3 E —
235 E =
3 < -
=
5 g
2005 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Section service life (Years)

Figure 28 Example for Cl Evaluation for D2C8 Test Section
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Figure 29 Cracking Resistance Evaluation for all Field Test Projects

We collected information about the rutting performance from different sources including the video logs
collected by the profiler vehicle, TAMS database, and the PathWeb ©2. Similar to the OCI, the rutting
measurements were available for the last four years from the video logs. Since the application of surface
treatments improves the surface conditions, the rutting measurements over time are needed to
accurately evaluate the performance of the test sections. Therefore, the rutting measurements
calculated from the video logs (limited to only four years) were not sufficient. Instead, we used the TAMS
and PathWeb to obtain rutting measurements over time. The maximum rut depth was considered and
used in evaluating the field performance of the test sections. Figure 30 shows the measured rut depth
for all test sections. The rut depth was between 2.80 mm and 8.64 mm. The test sections were classified
into two groups based on the ITD’s rutting criteria presented in Table 20. The ITD classification is a
function of the measured rut depth and route functional class (e.g., interstate and arterials or collectors).
Eleven projects had good rutting performance, while six projects showed fair rutting performance. None
of the projects expedited poor rutting performance. The green bars in Figure 30 indicate projects with
good performance while yellow bars indicate projects with fair performance.
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Figure 30 Field Rut Depth Measurements for Selected Locations
Table 20 ITD Field Rutting Performance Groups
Pavement Condition Functional class Functional class
Pavement Condition Interstate and arterials (mm) Collectors (mm)
Good 0.0-6.09 0.00-12.44
Fair 6.09 - 12.44 12.44-25.14
Poor 12.44 - 18.79 25.14 -37.8
Very Poor >19.05 >38.1

Specimens Preparation

Laboratory Mixed-Laboratory Compacted (LMLC) were prepared at the designated mixing temperature
as specified in the JMFs. The LMLC mixes were short-term aged in accordance with AASHTO R30. The
mixes were conditioned at 135 °C four hours before compaction . A Superpave gyratory compactor was
used to compact the test specimens to a target air void content of 7 £0.5 percent in accordance with
AASHTO T 312 ®. The height of the test specimens varied depending on the testing protocols.
Information about the geometry of test specimens for different tests is provided in Chapter 4.

The researchers also obtained loose mixes from the new paving projects and compacted in the
laboratory. Plant Mixed-Laboratory Compacted (PMLC) mixes were produced by heating the loose
materials to the compaction temperature specified in the JMFs. Similar to the LMLC, the PMLC were
compacted to achieve a target air void content of 7 +0.5 percent in accordance with AASHTO T 312 ©6,
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In addition to LMLC and PMLC, field cores were extracted from the test sections using a 150-mm coring
bit. The cores were extracted from the shoulder of test sections or between the wheel path if the road
had no shoulder. Upon extraction the field cores by ITD crew, the cores were labeled and shipped to the
laboratory. The cores had different thickness as shown in Figure 31. Upon receiving the cores, the top
layer was cut to the target thickness required for various tests as discussed in Chapter 4. Figure 32
illustrates the process of preparing the field cores for testing. It should be noted that any surface
treatment (e.g., seal coat) was trimmed and excluded.

We also measured the bulk specific gravity (Gmp) in accordance with ASTM 2726 ¢ for the test specimens
after cutting to the required thickness. The theoretical maximum specific gravity (Gmm) was obtained
from the provided JMF for different projects. In case that the JMF was not available, the researchers
measured the G, according to ASTM D 6857 8. The test specimens for rutting evaluation (APA rut test
and Hamburg) required additional sample preparation as illustrated in Figure 33. Some specimens were
plastered as recommended in AASHTO T340 and T324 to meet the required thickness for those thin
specimens (less than 60 mm and 75 mm for AASHTO T340 and T324, respectively).

DacH D2c12

Figure 31 Field Cores with Different thicknesses
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Figure 32 Example of field cores preparation for indirect tensile test; a) securing the specimen in a
sample holder, b) trimming seal coat layer, c) excluded seal coat layer, d) cutting the surface layer, e)
IDT test specimen

Figure 33 Hamburg Test Specimen Preparation; a) Placing the specimen in the casting mold, b) Mixing
the plastering materials, c) Filling the gap with plastering materials and smoothing the surface, d) The
bottom surface after plastering, e) Leveling the Hamburg test specimens
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Chapter 4
Testing Protocols and Experimental Design

Introduction

Chapter 4 provides details about the selected testing protocols and mathematical calculations of various
performance indicators used to assess the resistance of asphalt mixes to cracking and rutting. In
addition, it discusses the development of a new dynamic cracking assessment test and an innovative
performance indicator to assess the cracking perfomance of asphalt mixes.

Monotonic Cracking Testing Protocols

Selected Protocols

In the field, fatigue cracking results from repeated and heavy traffic loading . This phenomenon is
simulated in the laboratory using dynamic cracking resistance tests, where a repeated load is applied to
a test specimen. Dynamic tests require complex and costly testing systems, long testing time, and
complicated specimen preparation procedures ’°. These requirements make the dynamic tests less
preferable to be used by the asphalt industry or transportation agencies. Conversely, monotonic tests are
simple and require less expensive testing systems and have a short testing time and simple specimen
preparation 7°. Although monotonic tests are not true fatigue cracking test, previous research studies
reported that monotonic tests had a good correlation with field cracking resistance 3%3%%3, Currently,

monotonic tests are used to assess asphalt mixture cracking resistance (e.g., LADOT uses SCB-Jc test)
15,35,39

In this study, we evaluated three monotonic cracking testing protocols including SCB-J. (TR330 or ASTM
D8044), SCB-FI (AASHTO TP 124), and IDT tests (ASTM D6931). These tests have similar loading concept
(constant displacement rate) and outputs (load-displacement curve), but they have different loading
rate, specimen geometry, and use different performance indicators. Table 21 summarizes the testing
conditions for each testing protocols. The IDT testing protocol (ASTM D6931) uses a circular specimen,
while SCB testing protocols (AASHTO TP124, TR330, and ASTM D8044) use a notched Semi-Circular (SC)
specimen. The standard AASHTO TP 124 testing protocol requires using one notch depth (15 mm), while
ASTM D8044 and TR 330 standards require using three notch depths (i.e., 25.4 mm, 31.8 mm, and 38.4
mm). Laboratory prepared specimens and field cores can be tested using the three testing protocols (i.e.,
SCB-J, SCB-FI, and IDT). The geometry of the test specimens used in each test is provided in Table 21.
The test specimens had a diameter of 150 mm for SCB tests and 101.6 mm or 150 mm for IDT test. No
requirements on the thickness of field cores except for TR330, where the core should have a minimum
thickness of 57 mm. The test temperature was 25 C, except for ASTM D8044, where it is selected
according to the intermediate binder PG temperature. ASTM D6931 and AASHTO TP 124 are performed
at fast loading rate of 50 mm/min as compared to TR 330 or ASTM D8044 which are conducted at 0.5
mm/min. In this study, AASHTO TP 124, ASTM D6931, and TR330 were followed.
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Table 21 Testing Protocols for Intermediate Cracking Evaluation

33,36,48,71,72

Test Test SCB SCB SCB IDT
Testing Standards | Testing Standards TR330 ASTM D8044 AASI:;Z) TP ASTM D6931
+
Specimen Notch (mm) 25.4+1, 25+1, 3241,
eometr depth 31.8¢, and and 38+1 1561
8 Y P 3811 8
Specimen Diameter (mm) 150 150 150 150 or 101.6
geometry
Minimum of
50.8 for a
specimen
. with 101.6
Specimen
Specimen thickness (mm) mm
57 57 50 +1 diameter, or
geometry for Lab prepared .
specimens a minimum
P of 75 mm for
specimens
with 150 mm
diameter.
Minimum of
. 38 mm for a
Specimen Specimen 57 specimen
P thickness (mm) - 38-60 25-50 i
geometry ) (minimum) with 101.6
for field cores
mm
diameter.
Test temperature | Test temperature Intermediate
(°C) (°C) 25 PG 25 25
temperature
Loading |tate Loading |tate 05 05 50 50 45
(mm/min) (mm/min)
Test output Test output Load- Load- Load- Load-
displacement | displacement @ displacement & displacement
curve curve curve curve

Monotonic Cracking Tests Output

The applied load and the actuator vertical displacement are recorded in the monotonic tests (i.e., IDT,
SCB-Jc, and SCB-FI). Figure 34 shows a typical output of the selected monotonic tests. The load-
displacement curve changes with changes in testing conditions and/or test materials. Figure 35 shows
the load-displacement curves for mixes with different binder PG (i.e., PG 70-28 and PG 58-34) at the
same binder content of 5.75 percent by weight. A similar trend can be observed for all monotonic tests.
The applied load increases with displacement until the peak, then load decreases with the increase of
the displacement until fracture. The Pre-Peak part of the curve describes the crack initiation in the
specimen with no visible cracking observed ’3. The Post-Peak part of the curve describes crack
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development and propagation where visible cracks appear and propagate until fracture.

SCB-FI [5.75%] IDT [5.75%] [ scB-1c(25.4mm)[5.75%]
3 12 0.5
PG70-28 — PG 70-28 PG70-28
PG58-34 PG58-34 0.45 PG58-34
2.5 10 04
0.35
2 8
— —_ — 0.3
£ = =
= z ~
S 15 I 6 T o2
© @ o
Q o =]
= - = 02
1
4 0.15
0.1
0.5 A 2
\ 0.05
[ | 0 0
0 1 2 3 4 5 0 2 4 6 8 10 12 14 0 05 1 15 2 25 3 35
Displacement (mm) Displacement (mm) Displacement (mm)

Figure 34 Typical Load-displacement Curve from IDT, SCB-J., and SCB-FI tests for LMLC Mixture PG 70,
5.75 Percent

Monotonic Cracking Resistance Indicators

Several performance parameters or indicators were used to analyze the load-displacement curve to
assess the resistance of asphalt mixes to cracking. These indicators use one or more elements of the
load-displacement curve to describe mixture performance. In this study, we assessed various
performance indicators that were proposed in the literature, and developed a new and innovative
performance indicator to assess the cracking resistance of asphalt mixes.

Review of Current Performance Indicators

The peak load (Ppeak) is the maximum load applied to the specimen until failure in the monotonic tests
(Figure 35) and a measurement of a material’s strength. Stiffer mixes often exhibit higher peak load
compared to softer mixes. The peak load is determined as the maximum recorded load during the test.
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Peak load

Load (KN)

Post peak
fracture

Pre-peak
fracture

Termination
displacement

Displacement (mm)

Figure 35 Load-displacement Basic Curve Elements

The fracture work is the area under the load-displacement curve (Figure 35). Three work-based

performance indicators are identified; pre-peak work of fracture (W< P°%) post-peak work of

fracture (W;;‘fctt;fgak) and total work of fracture (Wg;’;ggm) (Figure 36). The pre-peak work refers to the

work required to initiate the cracks and it is computed as the area under the load-displacement curve
until the peak load. The post-peak work refers to the work required for crack propagation and it is
determined as the area under the load-displacement curve from the peak load until the failure point
(test termination point). The total work of fracture refers to the total work needed to initiate and
propagate the cracks and it is the summation of pre- and post-peak work.

Pre—peak _ Dis. at Peak load
[/VFracture = fo (P' dx)

Post—peak Dis. at test termination
W, omaC (P.dx)

Fracture Dis. at peak load
Total _ yy7Pre—peak Post—peak
WFracture - WFracture I/VF"ra(:ture

Figure 36 Fracture Work Equations

where:

WPre—peak

Fracture = Pre-peak work of fracture (J)
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W;;‘;ii;’r’gak = Post-peak work of fracture (J)
wlrotal = Total work of fracture (J)

P =The applied load (KN)

X = Vertical actuator displacement (mm)

The fracture energy is defined as the energy needed to create a new unit fracture surface in the body 7.
It is a normalization of the fracture work by the cracking face area. The crack face area for Semi-Circular
(SC) specimen is the ligament length (Liig) (radius [r]- notch depth [a]) multiplied by specimen thickness
(t) as presented in Figure 37 %. For circular specimen or IDT, the cracking face area is the specimen
thickness (t) multiplied by specimen diameter (D) as presented in Figure 37 73. Similar to the fracture
work, three fracture energy indicators are identified; pre-peak fracture energy (Gfpre-peak), post-peak
fracture energy (Gfpost-peak) and total fracture energy (Gs) (Figure 37). The pre-peak fracture energy is the
consumed energy in crack initiation phase. The post-peak fracture energy is the consumed energy in the
crack propagation phase. The total fracture energy is the energy consumed in crack initiation and
propagation phases. Previous studies demonstrated that the total fracture energy is sensitive to the
change in air void content, binder PG, and binder content °. The fracture energy decreases with the
decrease in air void content and increase in binder content. Also, it increases with the increase in binder
PG (i.e., stiffness) until a limit before it decreases 7°.

SCerack face area = (r—a) Xt

IDT¢rqck face area = DXxt

Pre—peak
GPre—peak _ Wf
Fracture. — Crack face aréa
Post—peak
GPost—peak = Wf
Eracture Crack face area
Total
G'I‘otal - "VFrfJagrure
Fracture —

crack face area

Figure 37 Fracture Energy Equations

where:

SCerack face area = Crack face area for semi-circular specimen
r = Specimen radius (mm)

a = Specimen notch depth (mm)
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t = Specimen thickness (mm)

IDT ¢y qck Face area = The crack face area for circular specimen (mm?)

Ggrotal = The total fracture energy (J/m?)
Gﬁ[j;ﬁi‘e”‘ = The pre-peak fracture energy (J/m?)
G,f,?,j,f;u‘i‘;“" = The post-peak fracture energy (J/m?)
W,hre peak = The pre-peak work of fracture (J)
Wpi(c)lsczfzak = The post-peak work of fracture (J)
wlrotal = The total work of fracture (J)

The tensile strength is a normalization of the peak load (Ppeak) With respect to specimen geometry.
Several research studies investigated the calculations of the tensile stress of asphalt mixes using IDT and
SCB tests *>7%7°_ Figure 38 is used to calculate the tensile strength using the IDT test 7. Molenaar et al.
(2002) proposed SCB tensile strength as an indicator for specimens without a notch (Figure 39) 7. Itis
valid when the support span is 0.8 of specimen diameter. Huang et al. (2009) presented a generalized
model that computes the tensile stress at various support span distances for specimen without a notch
(Figure 40) 8. Hofman et al. (2003) proposed a simple model for notched SCB specimen (Figure 41) 7°.
The literature suggested that the tensile strength from SCB test is preferable than the IDT test. Walubita
et al. (2010) demonstrated that IDT tensile strength overestimated the HMA mixes true tensile strength
8_ Also, Molenaar et al. (2002) reported that tensile strength from SCB is more accurate than IDT since
the specimen is failed in tension cracking mode ”’.

IDT
Otesnile

_ 2000xPpeq i
T mxtxD

Figure 38 IDT Test Tensile Strength

4.8F

CBunnotc hed — ——

S
Otensile D

Figure 39 SCB Test Tensile Strength Proposed by Molenaar et al. (2002) 77

6 X P, X L
o  SCBunnotc hed — Peak support
tensile txD2

Figure 40 SCB Test Tensile Strength Proposed by Huang et al. (2009)”®
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4.263 X P
o . SCBnotched = Peak
tensile txD

Figure 41 SCB Test Tensile Strength Proposed by Hofman et al. (2003) 7°

where:

Oresnite 2T = Tensile strength (kPa) determined from IDT test

Otensile" ¢ Bunnotched = Tensile strength determined from the SCB (un-notched)

Otensile CEnotched = Tensile strength determined from the SCB (notched)

Ppeak = Peak load (N)

t = Specimen thickness (mm)

D = Specimen diameter (mm)

F = Load per unit specimen width at failure (N/mm)

Lsupport = Distance between the support span (mm)

The IDTwmoduus (IDT Japan coefficient) is a normalization of IDT tensile strength with respect to the
displacement at peak load as presented in Figure 42. This index is developed in Japan to assess the

cracking resistance of RAP materials 8. It serves as a measurement of a material strength and ductility.

Asphalt mixture test specimens are prepared using 100 percent RAP and tested at a constant

displaceme

nt rate of 50 mm/min at 20 C. The test specimens should have a maximum IDTwoduius Of 1.7

MPa/mm for acceptance 8. A recent study by West et al. (2017) found that IDTmoduius has a moderate

correlation

where:

IDTModulus

IDT
OTensile

LPeak load

(R? =0.47) with field performance of eight Accelerated Loading Facility (ALF) test sections *°.

Oensil IDT
ensile
IDTmodulus =

Lpeak 10ad

Figure 42 IDTmodulus Equation

= Ratio of tensile strength to displacement at peak load (MPa)
= IDT tensile strength (MPa)

= Displacement at the peak load (mm)

Al-Qadi et al. (2015) introduced and proposed the flexibility index (Fl) as a normalization of the fracture

energy with respect to the post-peak slope using an SCB test as presented in Figure 43 ¥. The post-peak

slope is the

slope of the post-peak part of the load-displacement curve which describes mixture’s

49



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

flexibility or brittleness (Figure 35) 3>747>82_Higher flexibility index indicates better flexibility and slower
crack propagation and thus better cracking resistance. Al-Qadi et al. (2015) defined the post-peak slope
as the tangent slope at the inflection point (m 1, ection) in the post-peak part of the load-displacement
curve as presented in Figure 43.

Several research studies investigated the flexibility index as a cracking resistance indicator. Al-Qadi et al
(2015) found the FI to have a good correlation with field performance of accelerated pavement test
sections 3°. They proposed three cracking resistance performance categories: 1) poor cracking resistance
(FI<2), intermediate cracking resistance (6.5 > Fl > 2), and good cracking resistance (FI> 6.5). Hans et al.
(2017) found that the Fl is sensitive to the change in binder PG, RAP content, and aging conditions &3
West et al. (2018) showed that Fl has a strong direct Pearson correlation coefficient (r > +0.8 ) with
Texas-Overlay Test (OT) and modified NCAT-Overlay tests (NCAT-OT)*. Also, it has a fair direct correlation
(r of 0.3) with J. parameter but FI showed better statistical mixture grouping compared to J.. Kaseer et al.
(2018) found Fl is sensitive to change in binder PG, standard aging conditions, and RAP/RAS content,
specimen thickness, and air void content #*. Chen and Solaimanian (2018) demonstrated that Fl is
sensitive to binder content, binder PG, and air void content 7>, Kim et al. (2018) found that FI to increase
with binder content and decrease with NMAS and the notch depth #. In the meantime, several studies
documented some limitations of flexibility index at specific testing conditions **7>*, For example, the FI
showed an unexpected trend with the change in air void content and specimen thickness. The Fl
increased with the increase in air void content and decreased with the increase in specimen thickness. In
addition, the FI was found to be highly affected by the post-peak slope **7>8, An adjustment approach
was proposed to normalize the Fl with respect to air void content and sample thickness as presented in
Figure 43 35,44,86,87_
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Total
Fracture

Post—peakl
Inflection

FI = 0.01 =

| m

A - d d ;2
Mpecioe’ = 2L [P = f(x)], when 2 [P = f(x)] =0,

Total

t Fracture t
Flcg = FI{ X =— = 0.01 = - —_—
50 t 50 |mPost—geal\I 50
Inflection

7%
AV%
0.0651
AV-AV 2

F17% — FIAV X

Flpyy, = Flay X

Figure 43 Flexibility Index Equations

where:
FI = Flexibility index
Ggrotal = Total fracture energy (J/m?)
fnoggggggk = Post-peak inflection point
t = Specimen thickness (mm)
Flgg = Adjusted flexibility index at specimen thickness of 50 mm
Fl; = Flexibility index at specimen thickness t
Fl;q, = Adjusted flexibility index at specimen’s air void content of 7 percent
Flyy = Flexibility index at air void content AV. AV percent is the specimen air void

Zhou et al. (2017) proposed a new cracking resistance index called IDEAL-CTingex, Which is a normalization
of the fracture energy with respect to the post-peak slope and strain tolerance using the IDT test (Figure

Postpeak)

44)73, The post-peak slope is determined as the tangent slope at 75 percent of the peak load (Mg,

as presented in Figure 44. The strain tolerance (g, °!¢7%"¢®) is defined as the vertical strain until 75

percent of peak load (Figure 44). Higher IDEAL-CTn4ex demonstrates better resistance to cracking. A

number of studies evaluated the IDEAL-CTinqex as a cracking resistance indicator. Zhou et al. (2017) found
that IDEAL-CTingex to capture the change in RAP content, binder type, binder content, aging, and air void
content 73. However, the results had unexpected trends with air void content similar to flexibility index,
where IDEAL-CTingex increased with the increase in air voids. The IDEAL-CTngex Showed a strong
correlation with field cracking resistance (R? = 0.87). Dong and Charmot (2019) found that the IDEAL-
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CTingex to increase with emulsion content and decrease with the decrease in binder content . Bennert et
al. (2018) evaluated the IDEAL-CTindex as a quality control parameter in New Jersey #. They found a good
correlation between IDEAL-CTndex and overlay tester (OT); however, the IDEAL-CTndex had lower variability
in test results compared to OT. Currently, ASTM subcommittee D04.26 published a standardized method
to calculate IDEAL-CTingex Using IDT test (ASTM D8225 — 19)%.

GTotal ¢
CT & Fracture —_ x g tolerance
Index | Postpeak | 62 v
N759% )
mPost—peak _ |Pes%—Pssy
75% Lgs%—Lesg; |’
Postpeak
¢ tolerance _ Z75%
> =
D
Figure 44 IDEAL-CTn4ex Equation
where:
CT 1ndex = Cracking test index
Grotal = Total fracture energy (J/m?)
m;)gf/fpeak = Post-peak slope at 75 percent of the peak load
g, tolerance = Strain tolerance
T = Specimen thickness (mm)
Ll;gi/speak = Displacement at 75 percent of peak-load.
Pss%, and Pss%, = Post peak load at 65% and 85% of the peak load (KN) respectively

The Cracking Resistance Index (CRI) is a normalization of the fracture energy with respect to the peak
load (Figure 45). Kaseer et al. (2018) proposed the CRI to overcome the limitations of the Fl (e.g., high
variability, difficult computation process, and brittle mixes assessments (i.e., no post-peak data) **.
Higher CRI values demonstrate better cracking resistance. Kaseer et al (2018) reported that CRl is
sensitive to the change in binder grade, aging conditions, RAP/RAS content, specimen thickness, and air
void content *. They found a strong correlation between CRI and FI (R? > 0.90); however, the CRI had
lower variability, simple calculation procedures, and can differentiate between more mixes with different
performance (Tukeys groups) compared to Fl. Kaseer et al (2018) proposed equations to normalize CRI
with respect to air void contents and specimen thickness as shown in Figure 45 %4,
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Total

G racture
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Figure 45 Cracking Resistance Index (CRI) Equations

where:

CRI = Cracking resistance index (J/m2.KN)

CRlso = CRI value at 50 mm thickness

Grotal = Total fracture energy (J/m?)

t = Specimen thickness (mm)

AV% = Specimen air voids

CRIg, = Adjusted CRI at specimen thickness of 50 mm (J/m2.KN)
CRI;q, = Adjusted CRI at specimens’ air void contents of 7%

West et al. (2017) proposed the Nflex parameter as a normalization of the mixture toughness with

respect to the post-peak slope using the IDT test (Figure 46) *°. The post-peak slope was determined as

Postpeak
inflection

Toughness was calculated as the area until the post-peak inflection point (Figure 46). The stress and

the tangent slope at the post-peak inflection point (M ) under the stress-strain curve (Figure 46).
strain were calculated using Figure 46. They studied the correlation between Nflex and field cracking
resistance of eight ALF test sections. The results showed a reasonable correlation between Nflex and
cracking resistance (R? = 0.55). Yin et al. (2018) found that Nflex had insignificant statistical sensitivity to
binder PG and binder content and a significant sensitivity to RAP content and test temperature 1. They
reported that considering a constant Poisson’s ratio may provide an inaccurate determination of Nflex °1,
Yin et al. (2018) found that the measured Poisson’s ratio had a significant dependency on specimen air
void content and test temperature. They recommended to estimate the Poisson’s ratio using the secant
approach as shown in Figure 46. This approach requires measuring the horizontal and vertical
deformation during the IDT test which adds more complexity to the test setup and data analysis.
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Toughness
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Figure 46 Nflex Factor (Nflex) Equations

where:
Niex = Nflex factor
ﬁf;gftelgﬁ = Tangent slope at post peak inflection point (kPa/ %)
o; = Estimated tensile stress at load i (kPa)
& = Estimated tensile strain at load i (%)
toughness = Area under stress-strain curve until post peak inflection point
L; = Vertical deformation at load i (m)
D = Specimen diameter (m)
uis = Poisson’s ratio
aandb = Regression fitting coefficients
Sc = Secant modulus defined as the ratio of peak load to displacement at peak load

Critical Strain Energy Release Rate (J.) is defined as “a path independent integration of strain energy
density, traction, and displacement along an arbitrary contour path around the crack” 2. It describes the

change in strain energy per unit depth with specimen notch depth (dU/da) (Figure 47) 9. The strain

Pre—peak
W, P

eracture ) @S Presented in Figure

energy to failure (U) is determined as the pre-peak work of fracture (
47. The variation of strain energy with notch depth (dU/da) is normalized by the thickness (t). The J. can
be determined using two or three notch depths. Elseifi et al (2005) suggested using three notch depths

for better determination of J. %. Several researchers evaluated the use of J. as performance indicator.
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Bayomy et al. (2006) found that J. to increase with binder content and the percentage of rough and
angular aggregates and to decrease with the increase in percentage of flat and elongated aggregates in
the mix. In addition, the J. decreases for finer aggregate gradation ®2. Cao et al. (2018) found that J. to
decrease with RAP content **. Mohammad et al. (2012) found good correlation between J. and field
cracking resistance ¥. Louisiana Department of Transportation and Development (LADOTD) requires that

mixes should have minimum J. of 0.5 kJ/m? and 0.6 kJ/m? for Level 1 and Level 2 mix design, respectively
15

()%

Pre—peak _ Dis. at Peak load
WFractu're = fo (P.dx)

Figure 47 Critical Strain Energy Release Rate (Jc) Equations

where:

Je = Strain energy release rate (kJ/m?)

U = Strain energy to failure (kJ)

t = Specimen thickness (mm)

a = Specimen notch depth (mm)

du/da = Variation of strain energy with notch depth (kJ/mm)
Wjire peak = Pre-peak work of fracture (J)

P = Applied load (KN)

X = Vertical actuator displacement (mm)

Development of Weibull Cracking Resistance Index (WEIBULLcr)

As discussed in this chapter, various parameters were proposed to analyze the load-displacement curve
of different monotonic tests to assess the performance of asphalt mixes to resist cracking. These
parameters use one or more elements of the load-displacement. For instance, IDTstrength USeS the curve
peak, fracture energy uses the area under the curve, CRI uses the area under the curve and peak load,
while Fl uses the area under the curve and post-peak slope. One or two elements cannot describe the
entire load-displacement curve, and none of the current indicators can describe the overall variation in
the load-displacement curve. Therefore, there is a need to develop alternative parameters to describe
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the entire load-displacement curve and propose a performance indicator that can be used to evaluate
the resistance of asphalt mixture to cracking. In this study, we used the Weibull distribution function to
describe the entire load-displacement curve and used the fitting parameters to propose a performance
indicator for cracking resistance . This section discusses the development and analysis procedures for
the proposed method.

For the load-Displacement Curve Fitting, the Weibull probability density function can be used to describe
the load-displacement curve. Figure 48 presents a modified version of Weibull function where a scaling
factor was added (i.e., parameter A). Figure 49 shows an example of using the proposed equation to fit
the load-displacement curve from the IDT test. This function fits the entire curve data with excellent
accuracy (coefficient of determination [R%] = 0.997). In addition, Figure 49 demonstrates that the 95
percent confidence interval bands provide an accurate estimate of the measured values. The curve
fitting is performed using lterative Nonlinear Least Squares Fitting (INLSF) regression method. Brown
(2001) presented simple fitting procedures using Excel SOLVER tool . The fitting is optimized by
providing a minimum Sum of Squared Errors (SSR) between the measured and the predicted load/stress
values (Figure 50). Excel Solver requires an initial estimation of the fitting parameters. Table 22 provides
recommended initial values for fitting parameters (i.e., A, 5, n) for various testing protocols (e.g., IDT,
SCB, and disk-shaped tests). The Standard Error (SE), coefficient of determination (R?), and 95 percent
confidence intervals (Cl) can be computed using Equations presented in Figure 50.

B-1 _ (U8
P=4A x(é)(z) xe @
n/\n

Figure 48 Modified version of Weibull Function

where:

P = The applied load (KN) or stress (kPa)

u =The measured displacement (vertical displacement or Crack Mouth Opening
Displacement CMOD) or strain (percent)

B = Shape parameter (Weibull slope)

n = Scale parameter

A = Scaling factor equals to the area under the load-displacement curve
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Figure 49 Fitting Results of the Load-displacement Curve using Modified Weibull Function

n
2
SSR = Z[Pmeasured =z Ppredicted]
i=1

SE = SSR
= df
R2_ 1 SSR
?zl[Pmeasured - Pmean]

CI = teritian X SE

Figure 50 Fitting Accuracy Check Tools

where:
SSR = The sum of squared error
Pricasured = The measured load/stress at displacement/strain i
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P, predicted

i

n

df
Prnean

tcritial

= The predicted load/stress at displacement/strain i

= Counter

= Number of measured data points

= Degrees of freedom (df =n — 3)

= The average value of measured load

= The critical t value at 95 percent confidence interval

Table 22 Initial Values for Fitting Parameters based on Different Test Data Sources

Initial Initial broposed Initial

Test data source proposed prop proposed

values
values values
Test data source Fitting Fitting Fitting
Parameters Parameters Parameters
Test data source A B n

IDT (stress-strain) 2000 1.80 2.30
IDT (load-displacement) 50.0 1.80 2.30
SCB intermediate temperature (load-displacement) 3.0 1.80 1.60
SCB Low temperature (load-displacement) 0.5 1.30 0.10
Disk shaped (Load -CMOD) 0.8 2.00 0.30

*Load is in KN, displacement in mm, stress in kPa, strain in percent, CMOD in mm
** B shall be larger than 1

For the interpretation of the Variation in the Load-displacement Curve Shape using Weibull Fitting
Parameters, we used the fitting parameters (i.e., A, 8, n) and proposed a performance indicator to
evaluate the resistance of asphalt mixture to cracking. We first studied the effect of individual fitting

parameters on the overall curve to fully understand its effect and how this may affect the resistance to
cracking. Figures 51 through 53 demonstrate the effect of model parameters “A”, “#”, and “n” of the
shape of the stress-strain curve of IDT test, respectively. The increase in the scale factor “A” pulls the

peak of the curve upwards causing increased area under the curve, increased peak load, and increased
pre- and post-peak slopes (Figure 51), which indicates improved mixture cracking resistance. The
increase in the shape parameter “$”, pulls the curve peak upwards and to the right causing an increase

in pre- and post- peak and decrease in terminal strain (strain at 20 kPa), which demonstrates decreased

cracking resistance (Figure 52). The increase in the scale parameter “n” pulls the curve downward

resulting in a decrease in pre- and post-peak slopes and an increase in the terminal strain, which

demonstrates increased cracking resistance as shown in Figure 53.
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Figure 53 Effects of § Parameter on the Stress-Strain Curve Shape

The development of Weibull Cracking Resistance Index (WeibullCRI) was based on the findings of the
previous section on the effect of fitting parameters of the modified Weibull function. The research team
proposed an index called Weibull Cracking Resistance Index (Weibullc)). The Weibullcr can be used as a
performance indicator to evaluate the resistance of asphalt mixture to cracking. Figure 54 presents the
proposed Weibullcri. This performance indicator is proposed based on the effect of fitting parameters on
the shape of load-displacement or stress-strain curve. This Weibullcr, increases with the scale parameter
“n” and scaling factor “A”, while it decreases with the increase in the shape parameter “f”. Higher
Weibuller indicates better cracking resistance. Figure 54 includes an equation to normalize the Weibullcg
with respect to air void content and specimen thickness. The Weibullcg is checked against other
performance indicators derived from the monotonic tests as well as dynamic testing as discussed in
detail in Chapter 5.

Welbull CRI — (%

0
Weibull gy = (%) x log [A X (%’) x (s_to)]

Figure 54 Weibull Cracking Resistance Index Equations

) x log[A]
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where:

B = Shape parameter (Weibull slope)

n = Scale parameter

A = Fitting constant equals to the area under the load-displacement curve
t = thickness

AV = air void content

Development of Multi-Stage Semi Circle Bending Dynamic (MSSD) Test

Motivation

As discussed in the previous sections, the monotonic tests (e.g., IDT, SCB, etc.) are often used to evaluate
the performance of asphalt mixes to cracking. The monotonic tests require less testing time, inexpensive
testing setup, and they are simple to perform and analyze the data compared the dynamic tests.
Meanwhile, fatigue cracking in asphalt mixes is initiated and propagated due to repeated traffic loading
at intermediate temperature. Thus, dynamic tests are more appropriate to evaluate the resistance of
asphalt mixtures to this type of cracking. However, there are several challenges associated with
conducting dynamic testing of asphalt mixes including 1) longer testing time, 2) complex testing setup, 3)
complicated sample preparation and instrumentation, 4) determination the proper testing conditions
and protocols (e.g., proper stress level if stress-controlled test or strain level if strain-controlled test), and
5) higher variability of the test results.

The research team developed and proposed an alternative dynamic test called Multi-Stage Semi-circle
bending Dynamic or (MSSD) test. The MSSD aims to address the limitations associated with the current
dynamic tests. The MSSD test simulates the repeated loading (dynamic) in reasonable testing time, has a
fixed loading sequence that works for mixes with different characteristics (e.g., mixture composition,
percent air voids, thickness, etc.) and still utilizes similar testing equipment and specimen geometry used
in monotonic tests. Table 23 summarizes the advantages of the proposed MSSD test compared to
monotonic tests and other dynamic tests (e.g, Bending Beam Fatigue [BBF] test).

The MSSD and BBF apply a repeated load, while monotonic tests apply loading and a constant
displacement rate. The dynamic tests simulate the true pavement fatigue cracking development
behavior while monotonic tests use performance indicators to describe mixture cracking performance.
Monotonic tests require short testing time (<30 minutes), while BBF testing time varies (from a few
hours to several days) 7°. The MSSD requires shorter testing time (maximum of 9 hours) regardless of
mixture characteristics. In addition, MSSD uses a SCB test specimen which is easy to prepare in the
laboratory compared to the beams used in the BBF test. The MSSD can be used during the mix design to
ensure adequate resistance to cracking while monotonic tests can used during the mix production and
pavement construction to check the quality of the asphalt mix and its placement.
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Table 23 Comparison between Monotonic, Fatigue, and MSSD Tests

Monotonic
Criteria (e.g., SCB, MSSD Bending Beam Fatigue
IDT)
Constant
Loading displacement Repeated load Repeated load
rate
Testing time 1-2 hour <9 hours 30 minutes-several
days
Specimen preparation Easy Easy Difficult
. Semi-circular .o
Specimen geometry . Semi-circular Beam
and circular
Evaluation of field cores Yes Yes No
Testing system complexity Simple Simple Complex
, Low (< Intermediate (< .
Equipment cost $20,000) $80,000) High (> $200,000)

Test Conditions

The MSSD test uses a semi-circular testing specimen with a radius of 75 mm and a notch depth of 15 +1
mm. The thickness of the laboratory compacted test specimens is 50 mm, while the thickness of field
cores can vary between 25 mm to 50 mm depending on the lift thickness. Figure 55 shows the schematic
of the test setup. The support span of the test fixture is 120 mm. The test is performed at 25 °C and can
be conducted using the Asphalt Mixture Performance Test (AMPT) machine or other servo hydraulic
testing system (e.g., Universal Testing Machines [UTM)], or Material Testing System [MTS]). In this study,
the AMPT was used (Figure 58). The AMPT is available in typical materials and pavement laboratories
and simple to operate and use compared to other systems.

62



Chapter 4 Testing Protocols and Experimental Design

£
£
0
120
L mm ]
e o |
150 mm

Figure 55 Schematic MSSD Test Specimen and Fixture

Figure 56 MSSD Test Fixture Inside the AMPT Chamber

Theory and Concept

For a notched test specimen (e.g., semi-circular), the magnitude of the stresses at the notch tip is a
function of the specimen geometry and applied loading ?. In Linear Elastic Fracture Mechanics (LEFM),
the Stress Intensity Factor (SIF or K) describes the stress state at the notch tip after accounting for the
effect of loading and geometry %’. The SIF increases with an increase of in the applied load until reaching
a critical value (fracture toughness [Kic]), which is associated with crack initiation 72, The fracture
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toughness is computed at the critical load which is assumed to be the peak load 7. The MSSD applies a
series of compressive loads to a SCB test specimen with one notch (15 mm) that produce predetermined
stress intensity factors. Figure 58 shows a flow chart that was used to select the applied loads at various
stages. We used the monotonic test data that was conducted in accordance with AASHTO TP124 to
select the dynamic loading levels. A total of 106 samples were tested. The test specimens included 17
field projects, 10 PMLC mixes, and six LMLC mixes. The fracture toughness for each specimen was
computed using a model developed by Lim et al. (1993) as presented in Figure 57 8. This model is used
in AASHTO TP105 and several research studies to estimate fracture toughness of asphalt mixes 72997103,

K, AS,

Sa
— =Y +—B for 0.5s—=>10.8
(m/na) 1(Sr—o) r r

Figure 57 Stress Intensity Factor Equation Proposed by Lim et al. (1993) &

where:
Ki = Stress Intensity Factor for mode | loading (N/mm??)
57“ = Ratio of support span (S,) to specimen radius (r)
Sr—° = Ratio of support span (So) to specimen radius (r) used by lim et al (1993)
ASg _Sa=So
r B r
. P

o = Tensile stress; 0 = —

D Xt
P = Load (KN)
t = Specimen thickness (mm)
D = Specimen diameter (mm)
Yi g = Normalized SIF at predetermined (So/r) ratio

G
Hgy =i (2) + Csexp (64 (%))

C,CC5,Ca = Regression constants

a = Specimen notch depth (mm)

2.5 6.5 16
B=6.55676+16.64035 (%) +27.97042 (g) +215.0839 (%) for 0.03220.8
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Figure 58 Flow Chart for MSSD Testing Stage Identification Procedures

Figure 59 shows the computed fracture toughness for the test specimens from the monotonic loading.
Field projects had an average fracture toughness of 21.49 N/mm?®? and ranged between 8.72 N/mm?/?
and 37.91 N/mm?¥?2. PMLC mixes had an average fracture toughness of 19.62 N/mm?? and ranged
between 9.75 N/mm?®? and 34.68 N/mm?*?2. LMLC mixes had an average fracture toughness of 10.61
N/mm?3? and ranged between 5.01 N/mm??2 and 23.80 N/mm?2. The field projects had the highest
fracture toughness compared to PMLC or LMLC mixes. The researchers believe that this is attributed to
the aging effect. Field cores are aged (stiffer) compared to PMLC or LMLC mixes. As shown in Figure 59,
all mixes had fracture toughness between 5.01 and 37.91 N/mm?>. Selection of appropriate fracture
toughness for the dynamic test is needed to avoid premature failure or extended testing time. Therefore,
we selected a fracture toughness of 24 N/mm?? for this purpose.
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Figure 59 Computed Fracture Toughness for Monotonic SCB Specimens

As mentioned earlier, the MSSD applies a series of compressive loads that produce a predetermined
series of SIF factors on the SCB test specimen. We selected a ten predetermined SIF that associated with
ten loading stages, including one conditioning stage (stage-0) and nine loading stages (Stage-1 to Stage-
9). Each loading stage applied a continuous haversine loading wave with a frequency of 1Hz (Figure 60).
Each wave resulted in change in stress intensity factor of (AK) of Kmax-Kmin. The Kmax is the stress intensity
factor associated with maximum applied load, while Kninis the stress intensity factor associated with the
setting load (Figure 60). In the MSSD test, the Kmin and Kmaxwere predetermined for each loading stage.
Kmin Was selected as 0.12 N/mm?>? for the conditioning stage and 0.2 N/mm?®? for all loading stages. Kmax
was determined as a percent of the MSSD fracture toughness value (24 N/mm?®?2). Figure 61 shows the
selected percent for each loading stage. Figure 62 shows Kmin, Kmax, and AK for each loading stage of the
nine stages of the test. These stress intensity values were used to estimate the required compressive
applied load using the equation presented in Figure 63.
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Figure 61 Selected Knax Value for each Loading Stage

67




Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Stress intensity factor (k) { MPa.¥mm )
(5]

0
Stage-0 Stage-1 Stage-2 Stage-3 Stage-4 Stage-5 Stage-6 Stage-7 Stage-8 Stage-9

AK 0.08 0.4 0.58 0.83 1.24 1.77 2.49 3.4 4.48 5.8

Kmax| 0.20 0.60 0.78 1.03 1.44 1.97 2.69 3.60 468 6.00

Kmin | 012 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Stage No.
Figure 62 AK, Kmax, and Knin for each Loading Stage
Kic= (Yl(O.S)) X (omax \/na)
24 x( %K‘Cstage —i )
P, =X Xt
stage —i [ (y1(0.8) )X(\/H) ] ( )
Figure 63 Estimation of Applied Load for Different Loading Stages
where:
Kic = Fracture toughness (N/mm?3/?)
a a

Vo = 4.782-1.219(%) + 0.063exp (7.045 (;))
Pstage—i = Required load for stage-i
Kicu = Universal fracture toughness (24 N/mm?3/?)
%Kicu = Percentage of fracture toughness for stage-i (N/mm3?)
Omax = Maximum tensile stress (N/mm?); Z’"ﬁ
Prax = Maximum load (N)
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t = Specimen thickness (mm)

D = Specimen diameter (mm)

MSSD Test Outputs and Parameters

Figure 64 shows the collected data in the MSSD test including the applied load, the actuator vertical
displacement, and the number of load cycles. The data are recorded at a rate of 20 Hz during the test. Six
hundred cycles are used for test specimen conditioning (stage 0). The maximum stress intensity factor
(Kmax) increases after the completion of each stage (Figure 62), while the same minimum stress intensity
factor (Kmin) is maintained (0.2 N/mm??2) for all the stages as shown in Figure 62. The rate of change in
the vertical displacement with the loading cycles followed S-shape curve as shown in Figure 65. The S-
shape curve is divided into three phases |, Il, and Ill.

The MSSD test parameters are inspired by the well-known Paris’ law parameters. Paris’ law studies the
relation between crack growth rate and the change in SIF (AK) 1%, Measuring the crack length is not a
simple task to perform. In order to simplify the MSSD test, the vertical actuator displacement was used
as an alternative of the true crack length. Analogous formula to Paris’ law was used to describe the
relation between the rate of change in the vertical actuator displacement and the change in SIF (AK) as
presented in Figure 67. It should be noted that Figure 67 does not represent Paris’ law. Figure 67 has two
MSSD parameters (H and z) that can be determined by performing the following steps:

Plot the vertical actuator displacement (v) versus the number of loading cycles (N) (Figure 69).
Fit the curve from step no. 1 with a 6"-degree polynomial function (Figure 69).

. . . . . d
3. Determine the rate of change in vertical actuator displacement with the number of cycles (d—;) at

the end of each testing stage and the failure cycle.
4. Determine the change in the change in SIF (AK) for each testing stage (Figure 62).

5. Plot AK versus the associated Z—; in log-log scale (Figure 70).

6. Determine the MSSD parameters (H and z) by fitting the data using a power function.
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Figure 66 Paris’ law Parameters
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Figure 67 Modified Paris’ Law Parameters

where:

a = Crack length (mm)

v = Vertical actuator displacement (mm)

N = Number of loading cycles

da/dN = Crack growth rate (mm/cycle)

dv/dN = Rate of vertical actuator displacement to number of cycles
AK = Mode | the change in SIF (Kmax - Kmin)

Aandn = Fitting constants for Paris law

Hand z = Fitting constants for MSSD model

Figure 67 can be rearranged and presented in Figure 68. The value ofP<represents the intercept, while z
value represents the slope. The intercept (log H) reflects the initial rate of displacement per cycle, while
the slope (z) reflects the increment in the displacement rate with the change in stress intensity factor.
Higher slope indicates faster rate of damage. Higher slope is associated with a lower absolute intercept
(Abs [log H]). Therefore, mixes with low slope (z) and high Abs (log H) would exhibit higher resistance to
cracking. Previous research reported good correlation between Paris’ law parameters (A, n) as shown in
Figure 68 1951% Similar relationship between MSSD parameters (H and z) presented in Figure 68 is
validated in Chapter 5.

d
log(% =logH + zlog AK

n=C; Log A+ C,
z=C3LogH+ C,

Figure 68 Rearranged Modified Paris’ law Parameters
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where:

C1,Cy, C3,and Cy

= Linear regression fitting constants

Actuator Displacement (mm)

y = 6E-07x5 - 3E-05x" + 0.0007x"- 0.0046x3 - 0.0008x” + 0.1723x + 0.1476
R*=0.8974

0.1

1
Ak (N/mm3/2)

0 T T T T T T T
0 3 6 9 12 15 18 21 24
No of cycles (Thousand)
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Figure 69 Fitting the S-curve with 6% degree polynomial function
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Figure 70 Determination of MSSD Parameters
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Asphalt Mixture Rutting Tests

Selected Testing Protocols

Based on the findings of the literature review, two rutting assessment tests were selected and used in
this study; Hamburg Wheel Tracking Test (HWTT) and Asphalt Pavement Analyzer (APA) rut test. The
HWTT is conducted in accordance with AASHTO T324, while the APA rut test is conducted in accordance
with AASHTO T340. In these tests, the test specimen is subjected to accelerated reciprocating wheel
loading. Table 24 summarizes the test conditions and sample geometry for both HWTT and APA rut test.
Both the tests can be performed a cylindrical specimen that is 150 mm in diameter and 60 mm or 75 mm
thickness for HWTT and APA rut test, respectively. In addition, HWTT can be run using slab specimens or
cylindrical ones. However, the cylindrical specimens are more preferable since they require less
preparation time and can be performed on extracted field cores. Both tests can be evaluating a four or
six cylindrical specimens per test; however, the number of tested specimens depends on number of
wheel in the testing device (two or three wheels). Field cores can be evaluated using both tests. The
tests allow using plastering materials for field cores with thickness less the testing mold height. HWTT
requires conditioning the specimens in water bath for one hour at a specified temperature selected by
the agency, while the specimens of the APA rut test are conditioned in air for six hours at a temperature
equal to the higher binder PG. Since the HWTT samples are conditioned in water, this test can be used to
assess the moisture susceptibility in addition to rutting. The HWTT loading wheels apply 705 N load
directly on specimen surface at a constant moving rate of 52 pass/minute. The APA rut test loading
wheels apply 578 N load on a pressurized rubber hose that has a constant pressure of 690 kPa at a
constant moving rate of 60 cycle/minute. Both tests collect the rutting measurements with number of
cycles or passes.
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Table 24 Selected Testing Protocols for Rutting Assessments

107,108

Test HWTT HWTT APA rut test
. AASHTO T AASHTO T
Testing Standards 324 394 AASHTO T 340
Specimen shape Cylindrical or slabs Cylindrical
Specimen replicates 4o0r6 2 4o0r6
Specimen diameter (mm) 150 ‘ 150 ‘ 150
Specimen thickness (mm) for 60 38-100 75
lab prepared
Specimen thl‘ckness (mm) for 38- 60 NA 38.75
field Projects
i i
Test temperature (°C) Specified by - Specified by High binder PG
the agency the agency
Specimen conditioning Water bath Water bath Air bath
Conditioning time (hour) 1 1 6—-24
Testing time (hour) =10 =10 =2
Wheel type Solid steel Solid steel Concave wheel
Wheel speed (Pass/minute) 52 52 50+5
Load (N) 705+ 4.5 705 + 4.5 578
Number of data collection locations | 11 locations | 11 locations 5 locations
passes- passes- .
le-def
Test output deformation = deformation Cycle-deformation
curve
curve curve
Rutting and Rutting and
Distress assessed moisture moisture Rutting
susceptibility = susceptibility

Rutting Depth Measurements

Figure 71 and Figure 72 show typical rut depth measurements for HWTT and APA, respectively. The
HWTT data follow an S-curve shape, where three phases can be identified; primary (pre-consolidation),
secondary, and tertiary 1. The primary phase shows a high deformation rate per pass due to initial
specimen consolidation. This stage is usually completed within the first 1,000 cycles 1. In the secondary

phase, the deformation continues to increase but at a smaller constant rate (creep slope). The

deformation in the secondary phase is due to plastic flow. The tertiary phase exhibits a rapid increase in
the rate of deformation (stripping slope). The deformation in the tertiary phase could be due to both
rutting plastic flow and moisture damage. In the APA rut test, there are only two phases; primary (pre-

consolidation) and secondary phase.

In the HWTT, the rut depth (deformation) is collected at 11 locations along each wheel path, while it is
collected at five locations in the APA rut test. In this study, the average rut depth of all locations is
reported for both tests as recommended by AASHTO T324 and AASHTO T340 %7, The HWTT test is
terminated after 20,000 passes or after a certain rut depth is recorded (e.g., 20 mm). Similarly, the APA

test is terminated after 8,000 cycles.
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Chapter 5
Comprehensive Evaluation of Cracking Resistance Tests

Cracking Resistance Evaluation of Field Cores Using MSSD Test

Figure 73 shows the rate of change in vertical actuator displacement with the number of cycles (2—; )
versus the change in stress intensity factor (AK) for 16 field cores. D3C2 field project was not included in

. . o . . dv .
the dynamic testing due to the limited number of cores that were received. The change in ﬁ increases

with the increase AK. Mixes with higher 3—; failed faster as compared to mixes with Iowerg—; . Figure 74
shows an example of asphalt mixes with good resistance to cracking (D2C8) and poor resistance to
cracking (D5C2). D2C8 had lower initial 2—; of 1.45 E-5 mm/cycle, while D5C2 had higher initial 3—; of 1.15

E-4 mm/cycle. D2C8 failed at the eighth loading stage (4.48 N/mm??), while D5C2 failed at the third
loading stage (0.832 N/mm?®?). The MSSD parameters (i.e., H and z) were obtained by fitting the data
with a power function (Figure 74). The power function fitted the test data with a coefficient of
determination (R?) of 0.94 for D5C2 and 0.90 for D2C8. The D2C8 mixture had a smaller slope (z) of 1.66
compared to mixture D5C2 (4.87). Smaller slope indicates a slower rate of damage, therefore D2C8 had
better cracking resistance as compared to D5C2. These findings are consistent with the observed field
cracking resistance where D2C8 showed good cracking resistance while D5C2 showed poor cracking
resistance as discussed in Chapter 3 (Figure 29). This example demonstrates that the MSSD parameters
were able to differentiate between mixes with good and poor cracking resistance.
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e ] -
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a
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Figure 73 The Variation in the Rate of Change of Vertical Actuator Displacement and Number of Cycles
versus the Change in Stress Intensity Factor (AK) for all Field Projects
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Figure 74 Example of MSSD Parameters (H and z) for Mixes with Good and Poor Field Cracking
Performance

The same analysis process was followed and applied to all field projects. Two SCB specimens were tested
for each project due to the limited number of field cores. Figure 75 shows the slope (z) parameter for all
field projects tested using the MSSD test (total of 16 projects). The field projects had an average slope
between 1.21 and 3.90 with a standard deviation (SD) between 0.02 and 0.97. The coefficient of
variation (COV) of the calculated slope was relatively low (15.1%). Analysis of Variance (ANOVA) results
showed a statistically significant (p-value < 0.05) difference between cracking resistance of various field
projects. Tukey’s Honestly Significant Difference (Tukey’s HSD) categorized the mixes into two groups
(i.e., Aand B). Mixture D2C8 had the lowest slope of 1.21, while mixture D5C2 had the highest slope
value of 3.90. In Figure 75, field projects with good cracking resistance are presented in green bars, field
projects with fair cracking resistance are presented in yellow bars, while field projects with poor cracking
resistance are presented in red bars. The results presented in Figure 75 demonstrate that field projects
with good cracking resistance had a slope less than 1.9, projects with poor cracking resistance had a
slope higher than 2.9, while projects with fair cracking resistance had a slope between 1.9 and 2.9.
Smaller slope indicates slower rate of damage and thus better cracking resistance. ANOVA indicated a
significant difference between cracking resistance groups (p-value < 0.05). Tukey HSD results showed a
statistically significant difference between good and fair/poor cracking resistance groups and a statistical
insignificant difference between fair and poor cracking resistance groups.

Figure 76 shows the absolute intercept (abs [log H]) parameter calculated from the MSSD test. The field
projects had average values between 1.92 and 4.26 with SD between 0.0 and 0.472. This parameter also
had a low COV (4.4 percent). ANOVA analysis results showed a significant difference between the results
(p-value < 0.05). Tukey’s HSD test categorized mixes into five groups; A, B, C, D, and E. The Abs (log H)
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was able to differentiate between mixes with different cracking resistance (Figure 76). In general, mixes
with higher Abs (log H) showed better cracking resistance compared to mixes with lower Abs (log H).

Overall, projects with good cracking resistance had an absolute intercept (Abs [log H]) higher than 3.6,
projects with fair cracking resistance had an absolute intercept (Abs [log H]) between 3.0 and 3.6, while
projects with poor cracking resistance had an absolute intercept (Abs [log H]) less than 3.0. In the
meantime, identifying performance thresholds based on the Abs (log H) parameter was not simple and
direct compared to the slope (z) parameter due to higher overlap between good/fair and fair/poor
performance groups. Therefore, the proposed thresholds based on the slope (z) parameter are
considered more reliable compared to the ones based on the Abs (log H) parameter. Similar to the slope
parameter, the ANOVA results indicated a significant statistical difference between cracking resistance
groups (p-value < 0.05) based on the Abs (log H) parameter. Tukey HSD results showed a significant
statistical difference between the good cracking resistance group and fair/poor groups, while there was
insignificant statistical difference between the fair and poor cracking resistance groups.
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Figure 75 MSSD Slope (z) Parameter Results and Proposed Performance Thresholds for Field Projects
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Figure 76 MSSD Absolute Intercept (Abs [Log H]) Parameter and Proposed Performance Thresholds for
Field Projects

Performance Evaluation of PMLC Mixes Using MSSD Test

. . . . . d
Figure 77 shows the change in vertical actuator displacement with the number of cycles (d—:’ ) versus the

change in stress intensity factor (AK) for all PMLC mixes. Similar to the field projects, the computed
MSSD parameters (z and Abs [log H]) were obtained by fitting the data with a power function. The R? for
the fitting ranged between 0.661 and 0.926. Figure 78 shows the slope (z) parameter for PMLC mixes.
Four SCB specimens were tested for each mixture. The slope ranged between 1.20 and 4.25 with SD
between 0.1 and 1.40. The slope results had a COV of 25 percent. ANOVA results showed significant
difference between mixes results (p-value < 0.05). Tukey’s HSD categorized mixes into two groups; A and
B. Based on the performance thresholds developed based on the field projects, mixes D2L2, D3L2, D6L1,
and D2L1 are expected to have good field cracking resistance in the field. Mixes D5L1, D1L1, D3L5, and
D3L4 are expected to have fair field cracking resistance, while mixes D3L3 and D3L1 are expected to have

poor field cracking resistance.

Similarly, Figure 79 shows the Abs (log H) parameter for PMLC mixes. This parameter ranged between
1.94 and 4.43 with SD between 0.03 and 0.98. Also, the Abs (log H) results had COV of 11 percent.
ANOVA results showed significant different between results (p-value <0.05). Tukey’s HSD categorized the
PMLC mixes into two groups; A and B. Based on the performance thresholds developed based on with
field projects, almost all PMLC mixes are expected to have good cracking resistance except two mixes
(i.e., D3L3 and D3L1). Mixture D3L3 is expected to have fair cracking resistance, while mixture D3L1 is
expected to have poor cracking resistance. The cracking resistance of asphalt mixes is affected by its
composition. Previous research reported that cracking resistance is improved with higher binder content,
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lower binder PG, using polymer modifier binder, higher aggregate angularity, smaller NMAS, lower air
voids, lower RAP content, unaged binder, replacing sand with crush fine aggregates 3110-112 pMLC mixes
have different characteristics (e.g., mix design, binder content, binder grade, etc.) as presented in Table
13. In this study, the performance of PMLC mixes was explained and related to its compositions
compared to other mixes.

Mixture D2L2 had the lowest MSSD slope (1.20) which indicates better cracking resistance, while mixture
D3L1 had the highest slope (4.25) (i.e., higher rate of damage) which demonstrates poor cracking
resistance. Mixture (D2L2) had the highest binder content (5.70 percent), softer virgin binder content
(PG 58-34), and small NMAS (12.5 mm). Mixture D3L1 had the highest RBR content (50 percent) and
stiffer specified binder (PG 70-28). The use of higher RBR content with relatively stiffer binder may have
reduced the resistance of mixture D3L1 to cracking. Also, based on the MSSD slope results, mixture D1L1
is expected to provide better cracking resistance compared to mixture D3L3. Both mixes have the same
RBR content (30 percent), binder content (5.30 percent), NMAS (12.5 mm), PG (PG 64-28), and softer
virgin PG (PG 58-34), but D1L1 is SP5 while D3L3 is SP3. SP5 mixes is expected to provide better cracking
resistance since it is designed for higher traffic levels.

The results demonstrated that mixture D1L1 have better cracking resistance compared to D3L5. Both
mixes (i.e., D1L1 and D3L5) have the same RBR content (30 percent ), binder content (5.3 percent ),
NMAS (12.5 mm) and mix type (SP5), but D1L1 has softer specified binder (PG 64-28) and softer virgin
binder (PG 58-34) compared to D3L5 which has stiffer specified binder (PG 76-28) and virgin binder (PG
70-34) than D3L5. It is believed that softer binder used in D1L1 improved its cracking resistance
compared to D3L5. Mixture D2L1 was found also to provide better cracking resistance compared to
D3L1. Both mixes have the same RBR content (50 percent), PG (PG 70-28), NMAS (12.5), and mix type
(SP3), but D2L1 has higher binder content (5.7 percent) compared to D3L1 (5.20 percent), therefore the
higher binder content could improve the cracking resistance of D2L1 compared to D3L1. Furthermore,
the results demonstrated that mixture D2L2 exhibited better cracking resistance compared to D2L1. Both
mixes have the same NMAS (12.5), mix type (SP3), and binder content (5.7 percent), but D2L2 has lower
RBR content (30 percent), softer specified binder (PG 64-28) and virgin PG (PG 58-34) as compared to
D2L1 that has RBR of 50 percent, specified PG of 70-28, and virgin PG of 64-34. It is believed that the
softer binder and low RBR content improved the cracking resistance of D2L2 compared to D2L1. Similar
to the slope (z) parameter, the absolute intercept parameter (Abs [log H]) had good agreement with
mixture’s composition as discussed above.
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Figure 79 MSSD Abs (log H) Parameter for PMLC Mixes

Correlation between MSSD Parameters

Previous research reported that Paris’ Law parameters are correlated %1%, A direct linear correlation
was reported between n and Log A (Figure 67). Similarly, the research team evaluated the correlation
between MSSD parameters (z and Abs [log H]). Figure 81 shows the correlation between these two
parameters for the PMLC mixes and field projects. The results demonstrate that there is a direct
relationship between both parameters. Field projects had a coefficient of determination (R?) of 0.80,
while R? = 0.75 for PMLC mixes. Such relationship indicates that higher slopes are associated with lower
values of Abs (log H). A similar relationship was reported by Rooijen and Bondt (2008) for Paris’ Law
parameters computed using dynamic SCB (Figure 80) 3. Rooijen and Bondt (2008) model provided R? of
1.0,

Log A =—1.4397 xn — 2.5273

Figure 80 Correlation between n and Log A Rooijen and Bondt (2008) 113

83



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

.
y=-1.2555%+6.6651
R2=0.8017
S
6 y=-1.2439x+6.7034
R2 =0.7498
5
= 4
a
(=1
i)
w3
2
1
e )
0
0 1 2 3 4 5 6 7

Absoulte intercept (Log (H))

A  Field proejcts @® PMLC Mixtures == = Linear (Field proejcts) == = Linear (PMLC Mixtures)
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Monotonic Cracking Assessment Tests

In this study, three monotonic tests were conducted (i.e., SCB-FI, SCB-Jc, and IDT) and several
performance indicators were calculated using the test data. Table 25 presents the evaluated
performance indicators and the data source for each indicator. A total of 12 different performance
indicators were considered. These performance indicators have been used in the literature to evaluate
the resistance of asphalt mixes to cracking. Chapter 4 discussed these performance indicators. In this
section, the research team assessed the sensitivity of each performance indicator to the composition of
asphalt mixes. The LMLC mixes were used for the sensitivity analysis.
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Table 25 Selected Performance Indicator and Test Data Source

# Symbol Test Data Source Performance Indicator Concept (Chapter 3)
1 Gtracture (IDT) IDT test Total Fracture Energy

2 Gfracture (SCB-FI) SCB-FI Total Fracture Energy

3 CRI (IDT) CRI Cracking Resistance Index
4 CRI (SCB-FI) SCB-FI Cracking Resistance Index
5 FI (IDT) IDT test Flexibility Index

6 FI (SCB-FI) SCB-FI Flexibility Index

7 IDEAL-CTindex IDT test IDEAL-CT index

8 Nflex factor IDT test Nflex factor

9 IDTstrength IDT test IDTstrength

10 IDTmodulus IDT test IDTmodulus

11 Jc SCB-Jc Strain energy release rate
12 Weibullcg IDT test Weibullcg

Sensitivity of Monotonic Cracking Tests to Mixture Properties

The laboratory-mixed laboratory-compacted mixes (LMLC) were used to examine the sensitivity of the
monotonic cracking tests including indirect tensile (IDT) test, semi-circular bending-flexibility index (SCB-
Fl) test, and semi-circular bending-Jc (SCB- Jc) test to binder content and binder grade. The LMLC
specimens were prepared using three binder contents (i.e., OBC, OBC-0.75 percent, and OBC+0.75
percent) and using two binders (i.e., PG 70-28 and PG 58-34). Figure 82 shows the load-displacement
curves from each monotonic test at different binder content for each binder grade. It should be noted
that the SCB- Jc is conducted using specimens with three notch depths (38.4 mm, 31.8 mm, and 25.4
mm). In this example, the load-displacement curve at 25.4 mm notch depth for the SCB- Jc was used;
however, the test was conducted at the three notch depths.

The load-displacement curve changes with the change in binder content. Figure 83 demonstrates such
change in the load-displacement curve for different monotonic tests at different binder contents. As the
percent binder decreases, the pre-peak slope, curve peak, and post-peak slope of the load-displacement
curve increase (Figure 83). The increase in these curve elements indicates overall reduction in cracking
resistance. The performance indicators calculated from the monotonic tests use one or more of the load-
displacement curve elements to assess cracking performance. The results in Figure 82 demonstrate that
the test data source (i.e., SCB-FI, SCB-J., or IDT) did not affect the overall shape variation in the load-
displacement curve. The SCB-Jc (at 25.4 mm notch depth) showed a higher increase in the peak with the
decrease in binder content when compared to the IDT and SCB-FI tests for the same binder grade.
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However, all tests were able to capture the same expected trend.
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Figure 82 Monotonic Tests Load-displacement Curve at Different Binder Contents
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Figure 83 Example of Variation in Load-displacement Curve with the Decrease in Binder Content; (A)
Increasing Pre-Peak Slope, (B) Increasing Peak, (C) Increasing Post-Peak Slope, and (D) Decreasing
Failure Displacement

Figure 84 illustrates the load-displacement curves for binder with different PG (i.e., PG 70-28 and PG 58-
34) and binder contents (i.e., 4.25 percent, 5.0 percent, and 5.75 percent). The change in binder PG
affected the shape of the load-displacement curve. The pre-peak slope, curve peak, and post-peak slope
of the load-displacement curve increased for the stiffer binder (PG 70-28) compared to the softer binder
(PG 58-34). In general, all monotonic tests (e.g., IDT, SCB-FI, SCB-Jc) exhibited the same trend.

Sensitivity of Monotonic Cracking Resistance Indicators to Mixture Properties

The LMLC specimens were used to study the sensitivity of selected performance indicators to the
variation in binder content and binder PG. The sensitivity to binder PG was evaluated using a statistical t-
test at each binder content (two binder PG groups at each binder content). Sensitivity to binder content
was evaluated using ANOVA and Tukey’s Honestly Significant Difference (Tukey HSD) at each binder
content (three binder content groups at each binder grade). Both tests were performed at 95 percent
confidence interval (i.e., a = 0.05). Figure 85 shows the average fracture energy calculated from the IDT
test (Grracwure [IDT]). The error bars represent + one standard deviation from the average value. The
statistical analysis results (Tukey HSD groups) are included in the form of letters or numbers at the
bottom of each bar. Mixes that do not share the same letter/number are significantly different in terms
of their fracture energy. Sensitivity for PG was evaluated using t-test at each binder content (two PG
groups at each binder content).

The Géracture (IDT) results showed a low variability (COV = 11 percent). In addition, the Gracture (IDT) was
sensitive to the variation in binder PG and binder content. The mixes prepared with PG70-28 binder had
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higher fracture energy when compared to mixes prepared with PG 58-34 binder for a given binder
content. Higher fracture energy is associate with better cracking resistance *. Meanwhile, it is expected
that a softer binder (e.g., PG 58-34) would provide better cracking resistance to cracking when compared
to a stiffer binder (e.g., PG 70-28). A significant difference in fracture energy was found at all binder
content; p-value = 0.016, 0.029, 0.005 at 4.25 percent, 5.00 percent, and 5.75 percent binder content,
respectively. Figure 85 shows that the fracture energy increases with binder content. Mixes prepared
with the PG 70-28 binder were more sensitive to the change in binder content as compared to mixes
prepared with the PG 58-34. The PG 70-28 mixes showed a statistically significant difference (p-value <
0.05) between mixes prepared at 4.25 percent and 5.75 percent binder content. Meanwhile, there was
no statistically significant difference between mixes with different binder contents for PG 58-34 binder
(p-value = 0.113).
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Figure 84 Monotonic Tests Load-displacement Curve at Different Binder Content and PG
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The analysis for other monotonic indicators was repeated. Table 26 summarizes the results of the
analysis for all twelve selected performance indicators. The results of Geacture (IDT), Gfracture (SCB-FI),
IDTstrength, IDTmoduius, and Jcindicate that mixes prepared with the PG 70-28 binder are expected to provide
better cracking resistance compared to mixes prepared with the PG 58-34 binder. Other parameters
including CRI (IDT), CRI (SCB-FI), FI (IDT), FI (SCB-FI), IDEAL-CTngex, and Nflex factor showed that PG 58-34
mixes are expected to provide better cracking resistance compared to PG 70-28. The results of Weibullcg
showed that the mixes prepared with the PG 58-34 binder at 5.0 percent binder content to provide
better cracking resistance compared to mixes prepared with the PG 70-24 binder at the same binder
content. However, the mixes prepared with the PG 70-24 binder at 4.25 percent and 5.75 percent had

higher Weibullcgi compared to mixes prepared with the PG 58-34 binder at the corresponding binder
content.

Several performance indicators including CRI (IDT), CRI (SCB-FI), FI (IDT), FI (SCB-FI), IDEAL-CTngex, Nflex
factor, and Weibullcri showed that cracking resistance is improved with the increase in binder content for
the same binder PG (e.g., PG 70-28 and PG 58-34) as expected. Other performance indicators including
Gtracture (IDT), Geracture (SCB-FI), IDTstrength, IDTmoduius, and Je showed mixed trends with increasing binder
content. The Ggracture (SCB-FI) and IDTstength results showed statistical insignificant difference at various
binder contents. It should be noted that the sensitivity analysis was conducted on LMLC specimens that
were prepared using only two binders at three different binder contents. Investigation of additional

mixes with various properties including mix design is recommended. Sensitivity plots for all performance
indicators to binder content and binder type are included in Appendix C.
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Table 26 PG Sensitivity of Monotonic Performance Indicators to Binder Content and Binder

Performance

(mixed trend)

(mixed trend)

. Parameter Parameter Parameter Parameter
indicator
Binder PG . Binder content Binder content
Performance ) Binder PG . . . . .
. (using softer . . (increasing (increasing binder
indicator . (using softer binder) .
binder) binder content) content)
Pe.rfo.rmance Trend S.tat|.sjf|ca||y Trend Statistically Significant?
indicator Significant?
% ¢
G racture IDT J . <:>
fscture {1DT) (not as expected) (mixed trend)
% ¢
G racture SCB'FI x . x
fracure | ) (not as expected) (mixed trend)
CRI (IDT) 7 x % o
(As expected) (As expected)
CRI (SCB-FI) 7 & 7 &
(As expected) (As expected)
FI (IDT) 7 x % &
(As expected) (As expected)
FI (SCB-FI) 7 v 7 o
(As expected) (As expected)
IDEAL-CTindex 7 X % &
(As expected) (As expected)
Nflex factor 7 x 7 &
(As expected) (As expected)
IDTstrength z \/ z X
(not as expected) (not as expected)
% g
|DT odulus <:> . <:>
Modu (not as expected) (mixed trend)
% g
Je N/A ; N/A
(not as expected) / (mixed trend) /
g3 7
WeibU”cm <:> <:>

1 K indicates worse cracking resistance.

2 7 indicates better cracking resistance.
3 {} shows both trends

4 Vv test results are statistically different (e.g., binder content and binder PG)
5 X test results are not statistically different (e.g., binder content and binder PG)

6 < Results showed statistically significant/insignificant difference at comparison levels (e.g., binder

content and grade)

Note: Jc indicator had only one value for each mixture, thus ANOVA and Tukey tests could not be

performed
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Correlation between Monotonic Performance Indicators and Field Performance

In this section, the correlation between monotonic performance indicators and field performance was
assessed. The objective of this task was to propose performance thresholds for cracking resistance using
monotonic performance indicators. There are factors that were found to affect the results of monotonic
performance indicators. These factors include air void content and sample thickness 3>#4887  Several

other researchers have proposed methods to correct for the effect of both air void content and thickness
35,44,86,87

Effect of Air Void Content and Sample Thickness on Monotonic Performance Indicators

Air void content plays an important role in the performance of asphalt mixes including the resistance to
cracking. Linden et al. (1989) reported that 1 percent increment above the target air void content (i.e., 7
percent initial air voids) resulted in 10 percent reduction in pavement life 1%, Tran et al. (2016) reported
that a reduction of 1 percent in air void content improved the cracking resistance between 8.2 percent
and 43.8 percent °. In addition, Kassem et al. (2011) reported that air void content distribution affected
fatigue cracking resistance °.

Higher air void content results in improved cracking resistance using most of the performance indicators
(except ITD tensile and modulus) which is misleading 344887 Figure 87 shows an example to illustrate
the variation in the load-displacement curve due to the change in air void content ¥. The figure shows
the load-displacement curve for five percentages of air void (i.e., 2 percent, 4 percent, 6 percent, 8
percent, and 10 percent). The curve peak, post-peak slope, pre-peak slope decreases, and failure
displacement increase with the decreases in air voids. Such changes indicate less resistance to cracking
using most of the performance indicators. In addition, Figure 87 shows that the area under the curve
decreases with the increase in air voids. Based on the results of this example, it can be seen that some
elements of the load-displacement (e.g., decreased peak and area under and curve) curve follow the
expected trend with increased air void content. However, other curve elements including increasing the
pre- and post-peak slopes provide misleading conclusions with the reduction in air void content since the
higher post-peak slope indicates faster rate of damage or cracking propagation. Reduction in air void
content is associated with better resistance to cracking and improved performance as discussed earlier
11411510 Therefore, previous research proposed a correction to the monotonic performance indictors
(e.g., flexibility index) to account for the effect of air void content as presented in Figure 86 3>448:87,
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7%

Fl7% = FIAV X AV%
0.0651
FI7% = FIAV X W

Figure 86 Air Void Content Adjustment for Flexibility Index

where:
AV% = Specimen air void content
Flgq = Adjusted flexibility index at specimen thickness of 50 mm
Flyq, = Adjusted flexibility index at specimen air void content of 7%
Fly = Flexibility index at any given air void content AV
7000
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Figure 87 Effects of Air Void Content on the Shape of Load-displacement Curve of SCB Test ¥’

Similar to the effect of air void content on the load-displacement curve, the specimen thickness was

found to greatly affect the monotonic performance indicators 3>4*8587 For example, Figure 88 presents
an example of the effect of thickness on the load-displacement curve. The curve peak, post-peak slope,
pre-peak slope increases with thickness. An increased post-peak slope would indicate less resistance to
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cracking which is opposite of what one can expect from a thicker specimen in terms of its resistance to
cracking. Therefore, previous research proposed a correction to the monotonic performance indictors
(e.g., Fl) to account for the effect of thickness as presented in Figure 89 3>448687,
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=40 mm
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Z 2000 - il
-% =50 mm
S 1500 +
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Figure 88 Effects of Specimen Thickness on the Shape of Load-displacement Curve of a SCB Test ¥

Fl;g = FI; X —
50 t 50

Figure 89 Thickness Adjustment for Flexibility Index

where:

Flgg = Adjusted flexibility index at specimen thickness of 50 mm
Fl; = Flexibility index at specimen thickness t

t = Specimen thickness (mm)

In this study, the extracted field cores had different air void content and thicknesses as shown in Figure
90 and Figure 91. The thickness of field cores depends on the pavement structural design and historical
maintenance treatments, while the air void content depends on the initial compaction and densification
under traffic. The percent air void content was measured in accordance with ASTM D3203. The
recovered cores had air void content ranging from 2.85 percent to 9.78 percent with a standard
deviation between 0.16 percent and 4.25 percent. The thickness of the field cores was between 40.6 mm
and 54.4 mm with a standard deviation between 0.2 mm and 1.23 mm. Various performance indicators
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were calculated before and after corrections to account for different air void content and thickness using
Figure 92.

B Good field performance O Fair field performance B Poor field performance

12

10 _I_

Average air voids (%)
[#)]
i
-
——

o [N} ~
D2C4 E—|

on o~ (o] =t — o~ o — ] I~ o~ [€a] 00 ] o =)

—i Q —i | O O [ —i o o [ o o [ —i o

] 2 5 2 8 82§ 8 3 28 8 38 3 § 8

a a a a
Project ID

Figure 90 Average Air Void Content for the Extracted Field Cores

B Good field performance O Fair field performance B Poor field performance
60

E

r

: =

S 50

=

=]

c

g

2 45

@

j= 5

(]

)

& 40

Q@

>

<

35
o [ (a2} - =t =t o~ — ~ [Ln] [9)] ~ o 0 LN [~ LN
— Q [ - o o - Q O o o Q - (&) [ o o
(&) LN o (&) o [} L8] 0 0 [} [} o L8] [ o [} [}
~ [ fa ~ fa a ~ a a o o fa ~ a fa o o
o o o . o
Project ID

Figure 91 Average Thickness for the Extracted Field Cores

95



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

7% t

X
AV% 50

XCorrected =XX

Figure 92 Air Void Content and Thickness Adjustment for Performance Indicators

where:

AV% = Specimen air void content

X = Computed performance indicator
Xcorrected = Corrected performance indicator
t = Specimen thickness

Monotonic Performance Indicators of the Field Cores

Similar to the efforts performed by the research team to develop performance thresholds using the
MSSD test, they examined various performance indicators to group projects with good, fair, and poor
field cracking performance. It should be noted that none of these sections were reported to have any
structural deficiency. Asphalt pavements in the state are designed using Idaho R-value, AASHTO T93,
WinFlex 2006, or Pavement ME. Therefore, the researchers related the field performance to mix
properties. Figure 93 and Figure 94 show an example of the flexibility index (FI [SCB-FI]), before and after
correction (to account for different thicknesses and air void contents). As it can be observed in the
figures, this performance indicator (before or after correction) was not able to group or distinguish
between mixes with different cracking resistance due to overlap of the test results. Similarly, Figure 95
and Figure 96 show the IDEAL-CTnqex before and after correction, respectively. These parameters failed
to distinguish between projects with different cracking performance. All the remaining monotonic
performance indicators were not able to differentiate between mixes with different cracking
performance due to the overlap in test results. Appendix D includes the results of the remaining
monotonic performance indicators. Table 27 provides the average values for various performance
indicators for field projects with different field performance.

It should be noted that the proposed correction to the performance indicators to account for different
air void contents and thicknesses was not always effective #4. In fact, this is one of the limitations of the
monotonic performance indicators. Kaseer et al (2018) found that the CRI and Fl were still affected after
correcting for air void contents. Perez. et al. (2018) indicated that the correction factor was to be applied
when the air void content was less than 8 percent #. They observed that when specimen had air void
contents higher than 8 percent, the SCB-FI test could not be considered as fracture test. The researchers
concluded that developing a direct correlation between field performance and monotonic performance
indicators was not feasible. Therefore, the research team used another approach to develop thresholds
for selected performance indicators as discussed later in this chapter.
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FI (SCB-FI)
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Figure 93 Correlation between Fl from Computed from SCB Test with Field Project Performance
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Figure 94 Correlation between Corrected Fl from Computed with Field Project Performance
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Table 27 Monotonic Indicators Sensitivity to Binder Content and PG

Estimated Estimated | Estimated Corrected @ Corrected Corrected
Performance indicators = indicators indicators | indicators | indicators indicators
indicator values values values values values values
Field Field Field Field Field Field
Performance crgckmg créckmg cr:':\ckmg cr:':\ckmg cr:':\cklng cr:.:\cklng
indicator resistance | resistance | resistance @ resistance  resistance resistance
group group group group group group
Performance Good Fair Poor Good Fair Poor
indicator
Gfracture (IDT)
(0/m?) 99631418 | 8782+464 8708+666 13695+530 @ 9472+499  18314+1146
Gfr“‘?j‘;SZC)B'F') 26814384 26004259 @ 3866+191 @ 3582#562 @ 2942+314 | 7811280
CRI (IDT) 713147 920+112 826+38 952+70 10694131 1657492
CRI (SCB-FI) 539161 71978 998+88 70087 851+89 2045+183
FI (IDT) 29+3.4 48+8.5 40+4.1 38+4.8 58+10.4 83+10.5
FI (SCB-FI) 5+1.4 13+3.0 14+1.1 6.55+1.75 | 16.46+3.88 | 27.67+2.30
IDEAL-CTindex 85+15.5 192+39 128+14 109+21 243149 272+35
Nflex factor 0.83+0.11 1.440.26 1.21+0.12 1.1+£0.16 1.67+0.32 2.49+0.28
IDTstrength (kPa) 1263167 929+106 946+112 17661101 956+103 19504215
|DTModqus
37047 246168 248+31 514+64 249+67 510458
(kPa/mm)
Je 0.95+0.4 .88+0.5 1.29+0.6 = 0.95+0.49 0.89+0.4 2.20+0.45
Weibullg 4.8+0.3 6.811.4 5.5+0.3 6.45+2.3 8.1+3.8 11.3+4.6
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Cracking Resistance Evaluation of PMLC Mixes using Monotonic Tests

In this section, the monotonic performance tests and indicators were used to assess the cracking
resistance of PMLC mixes. The results of various performance indicators for the PMLC mixes were
compared to the recommended thresholds from the literature to evaluate the cracking resistance of
asphalt mixes currently produced in Idaho compared to other states. The variability of each performance
indicator was studied. In addition, the results of various performance indicators were compared to the
MSSD test to assess the correlation between both monotonic and dynamic test parameters and propose
performance thresholds for selected monotonic performance indicators. The performance of asphalt
mixes depends on their composition. The variation in one or more of the design parameters affects the
overall mixture cracking resistance. Several research studies examined the effect of specific design
parameters on the overall mixture cracking resistance. The results demonstrated that the cracking
resistance improved with higher binder content, softer binder grade, using polymer modifier binder,
higher aggregate angularity, smaller NMAS, lower air void content, lower RAP content, unaged binder,
and replacing sand with crushed aggregate 3%119-112_|n this study, the effect of PMLC mixture
composition on the cracking resistance was discussed.

Monotonic Performance Indicators

Fracture Energy

Figure 97 shows the fracture energy calculated from the IDT test (Gsracture [IDT]). The Giracture (IDT) ranged
from 5300 J/m?to 7540 J/m? with a standard deviation (SD) between 694 J/m? and 1214 J/m?. Higher
fracture energy is associated with better cracking resistance ¢, The Gyacture (IDT) had low variability (COV
=10 percent). ANOVA test indicated a significant difference in the test results (p-value < 0.05). Tukey’s
HSD test classified the mixes into four performance groups; A (higher Geacture [IDT]), B, C, and D (lower
Gtracture (IDT)). The Geracture (IDT) results were consistent with expected performance. For example, it was
expected that D2L2 to exhibit better cracking resistance compared to D3L1 and D3L5 mixes because
mixture D2L2 has the highest binder content (5.70%), softer virgin binder (PG 58-34), small NMAS (12.5
mm), while mixture D3L1 has the highest RBR content (50 percent) and stiffer binder PG (PG 70-28).
Similarly, Geracture (IDT) results showed that D1L1 would provide better cracking resistance than D3L5
because these mixes have the same RBR (30 percent), binder content (5.3 percent), NMAS (12.5 mm)
and mix type (SP5), but D1L1 has a softer binder PG (PG 64-28) than D3L5 (PG 76-28). Thus, it was
expected that D1L1 to provide better cracking resistance as compared to D3L5.

Also, Gracture (IDT) results showed that D2L1 provided better cracking resistance when compared to D3L1
because these mixes have the same RBR (50 percent), binder PG (PG 70-28), NMAS (12.5), and mix type
(SP3), but D2L1 had higher binder content (5.7 percent) compared to D3L1 (5.20 percent). Thus, it was
expected that D2L1 to provide better cracking resistance as compared to D3L1. Furthermore, Geracture
(IDT) results showed that mixture D2L2 had better performance when compared to D2L1 because these
mixes had the same NMAS (12.5), mix type (SP3), and binder content (5.7 percent), but D2L2 has a lower
RBR (30 percent) and softer design binder PG (PG 64-28), and softer binder PG (PG 58-34) as compared
to D2L1 with RBR of 50 percent, design binder PG of 70-28, and virgin PG of 64-34. Thus, it was expected
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that D2L2 to exhibit better cracking resistance as compared to D2L1. Meanwhile, it was expected that
D1L1 to provide better cracking resistance than D3L3, but Gacture (IDT) showed opposite results. D1L1
and D3L3 have the same RBR (30 percent), binder content (5.30 percent), NMAS (12.5 mm), binder PG
(PG 64-28), and softer virgin binder PG (PG 58-34), but D1L1 has better mix type (SP5) than D3L3 (SP3).
Thus, it was expected to have better cracking resistance. However, laboratory results showed that D3L3
had higher Gracture (IDT) than D3L3.

Figure 98 shows the fracture energy calculated from the semi-circular bending-flexibility index (Ggracture
[SCB-FI]) test. The Gyracture (SCB-FI) ranged from 1404 J/m?to 2899 J/m? with a SD between 120 J/m? and
453 J/m2. The Giracture (SCB-FI) results exhibited low variability (COV = 11 percent). The ANOVA indicated a
statistically significant difference in the test results (p-value < 0.05). Tukey’s HSD classified the mixes into
four performance groups; A (higher Ggacture [SCB-FI]), B, C, and D (lower (higher Gsracture [SCB-FI]). Similar
to the results of Gacture (IDT), D2L2, D6L1 and D2L1 had the highest Gracture (SCB-FI) while D3L1 and D3L5
had the lowest Geracture (SCB-FI). Tukey HSD demonstrated a statistically significant difference between
these mixes where D1L1, D6L1 and D2L2 were classified in group A, while D3L1 and D3L5 were classified
in group D. Also, similar to Gyracture (IDT), Giracture (SCB-FI) provided a good agreement between expected
cracking performance based on mix composition. Geracture (SCB-FI) results showed that D2L2 had better
cracking resistance than D2L1 and D3L1; in addition, mixture D1L1 had better cracking resistance than
D3L5 and D3L1. Also, D2L1 provided better cracking resistance than D3L1, which is in good agreement
with the Géracture (SCB-FI) results.
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Figure 97 Total Fracture Energy Calculated from the IDT Test for the PMLC Mixes
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Figure 98 Total Fracture Energy Calculated from the SCB-FI Test for the PMLC Mixes

Cracking Resistance Index (CRI)

The Cracking Resistance Index (CRI) was calculated using the test data from the IDT test as well as the
SCB-FI test. Figure 99 and Figure 100 show the CRI (IDT) and CRI (SCB-Fl), respectively. The CRI (IDT)
ranged from 431 and 707, with SD between 17 and 97. The CRI [SCB-FI) ranged from 384 and 618 with
SD between 65 and 152. Both indicators had low variability (COV = 9 percent and 11 percent for CRI [IDT]
and CRI [SCB-FI], respectively) in the test results. The CRI results showed less dependency on the
specimen geometry as compared to the fracture energy. The ANOVA analysis indicated a statistically
significant difference between mixes performance (p-value < 0.05) for both indicators. Tukey’s HSD
classified mixes into four performance groups; A (higher CRI), B, C, and D (lower CRI) for both indicators.
Higher CRI indicates higher resistance to cracking 4. Similar to Gracture (SCB-FI), CRI (IDT) and CRI (SCB-FI)
showed good agreement with expected performance based on mix composition. The results showed
that D2L2 had better cracking resistance than D2L1 and D3L1, D1L1 had better cracking resistance than
D3L5 and D3L1, and D2L1 would have better cracking resistance than D3L1.
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Figure 99 Cracking Resistance Index Calculated from the IDT Test for the PMLC Mixture
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Flexibility Index (FI)

The Flexibility Index was calculated using test data from the SCB-FI test and from IDT tests. Figure 101
and Figure 102 show FI (SCB-FI) and FI (IDT), respectively. Figure 101 shows that the PMLC have a
flexibility index between 2 and 7. According to Ozer et al. (2016) ** mixes with FI higher than 6 are
expected to have acceptable performance and mixes with Fl higher than 10 are expected to have higher
cracking resistance. They recommended adjusting the proposed thresholds to account for PMLC mixes
and local conditions. Based on such thresholds, it is expected that most of the PMLC mixes to have fair
resistance to cracking.

Recently, the lllinois Department of Transportation (IDOT) ¥ specified a minimum Fl threshold of 8. The
researchers believe that this is could be a conservative limit. The Tukey’s HSD analysis classified all the
PMLC into two groups A and B. Group A had higher Fl than group B and these two groups were
statistically different. The FI (IDT) (Figure 102) had lower average COV (about 19 percent) when
compared to FI (SCB-FI) (COV = 27 percent). Similar to the FI (SCB-FI), the Tukey’s HSD analysis classified
the FI (IDT) results into two groups. The FI (IDT) results showed that D6L1 had the highest flexibility
index, while D3L1 had the lowest Fl. Similar to Gsracture (SCB-FI), FI (IDT) and FI (SCB-FI) results provided
good agreement with expected performance based the composition of the mix. Indicator results showed
that D2L2 had better cracking resistance than D2L1, and D3L1 and D1L1 would have better cracking
resistance than D3L5 and D3L1, and D2L1 would have better cracking resistance than D3L1.
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Figure 101 Flexibility Index Calculated from the SCB-FI Test for the PMLC Mixes
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Figure 102 Flexibility Index Calculated from the IDT Test for the PMLC Mixes

IDEAL‘CT]ndex

This IDEAL-CT test is conducted in accordance with ASTM D8225 — 19. Figure 103 shows the results of
the IDEAL-CTingex for all PMLC mixes. The IDEAL-CTingex ranged from 27 and 106 with a SD between 2.8 and
35. This index exhibited a moderate variability in the test results (average COV of 24 percent). Tukey HSD
analysis classified the mixes into two groups (i.e., A and B). Group A had higher IDEAL-CTngex When
compared to group B. Higher IDEAL-CT nqex indicates better cracking resistance ’3. Based on the results, it
was expected that mixes with higher IDEAL-CTingex (€.8., D1L1 and D2L2) provided better cracking
resistance compared to other mixes. Similar to Geacture (SCB-FI), IDEAL-CTingex results provided good
agreement with expected performance. Diefenderfer and Bowers (2019) ¥ proposed a threshold of 80
for the Virginia Department of Transportation (VDOT). Most of the PMLC mixes had lower IDEAL-CT ndex
than the proposed threshold of 80 except D1L1, D2L2, D3L2, and D6L1.
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Figure 103 IDEAL-CTingex Calculated from the IDT Test for the PMLC Mixes

Nflex Factor

Figure 104 shows the Nflex factor calculated using the IDT test data. The mixes had average values
between 0.34 and 0.98 with a SD between 0.005 and 0.245. The test had a COV of 17%. The Tukey’s HSD
analysis classified the mixes into two groups; A and B. Group A had higher Nflex factor when compared
to Group B, with higher Nflex factor indicating better resistance to cracking. The Nflex factor results
showed that D6L1 and D2L1 had good cracking resistance, while D3L1 and D3L5 had poor cracking
resistance. West et al. (2017) > recommended a threshold of 0.8 for Nflex factor to ensure adequate
resistance to cracking. Based on the proposed threshold, it is expected that mixes D2L2, D3L2, D5L1,
D6L1 to exhibit good cracking resistance while the other mixes to have poor cracking resistance.
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Figure 104 Nflex Factor Calculated from the IDT Test for the PMLC Mixes
|DTstrength

Figure 105 shows the IDTsrength Calculated from the IDT test data. The mixes had average strength values
between 835 kPa and 1225 kPa with SD between 4.22 kPa and 173 kPa. Overall, the data showed a low
variability (COV = 6 percent). Tukey HSD analysis classified the mixes into two group A and B. Group A
had higher IDTstrength When compared to group B. Higher IDTstrength does not necessary indicate better
cracking resistance thus this index could be misleading. Both strength and deformation should be
considered when evaluating the resistance of asphalt mixes to cracking. IDTstrength provided limited
agreement with expected performance based on the composition of the mix. The results of this indicator
showed that D2L2 had higher IDTstrengtn than D3L1; D1L1 had a higher IDTstrength than D3L5; and D2L1 had
higher IDTstrength than D3L1. However, D2L1 showed higher IDTstrengtn than D2L2, and D3L3 had higher
IDTstrength than D1L1. Figure 104 shows that only D2L1, D212, D3L1 and D3L3 were expected to have good
cracking resistnance based on the proposed thresholds using the field cores results.
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Figure 105 IDT-strength for the PMLC Mixes
IDTModulus

Figure 106 shows the IDTmoguius for all PMLC mixes calculated using the IDT test data. The IDTmoduius ranged
from 249 kPa/mm to 363 kPa/mm with SD between 16 kPa/mm and 126 kPa/mm. The results of this test
had COV of 18%. The ANOVA results indicated insignificant statistically difference between the test
results for all the mixes (p-value = 0.713). In other words, there was no statistically significant difference
in the IDTmoduis for all the mixes. A maximum threshold of 1700 kPa/mm is used in Japan for 100 percent
RAP specimens 8, Asphalt mixture test specimens were prepared using 100 percent RAP and tested at a
constant displacement rate of 50 mm/min at 20 C. All the PMLC mixes had IDTwvioduius less than the
specified threshold thus these mixes are expected to have good resistance to cracking. IDTmodulus results
showed that D2L1 had better cracking resistance than D3L1, which opposite to expected performance.
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Figure 106 IDTmoduius Calculated from the IDT Test for the PMLC Mixes
Strain Energy Release Rate (J.)

Figure 107 shows the J.results calculated from the SCB- J. test. The J. for the PMLC mixes ranged from 0.1
kJ/m? to 0.97 kJ/m?. Mixture D6L1 had the highest J.(0.97 kJ/m?), while D3L1 had the lowest J. (0.10
kl/m?). Previous research has shown that higher J.is associated with better resistance to cracking *°.
LADOT specifies a minimum threshold of 0.5 kJ/m? and 0.6 kJ/m? for Level-1 and Level-2 mix design,
respectively 1°. Based on the Level-1 threshold (0.5 kJ/m?), mixes D212, D3L2, D3L3, D3L4, D3L5 and
D6L1 are expected to exhibit good cracking resistance, while the remaining mixes are expected to have
poor cracking resistance.
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Figure 107 J. Test Results Calculated from the SCB- J. Test for the PMLC Mixes
WEibu"cm

Figure 108 shows the Weibullc, results for all PMLC mixes. The Weibullcr ranged from 2.93 to 5.59 with a
SD between 0.02 and 0.79. The results showed low variability (average COV = 6 percent). The ANOVA
results indicated a significant difference between mixes (p-value < 0.05). Tukey HSD test classified mixes
into four statistical group; A (highest Weibuller)), B, C, and D (lowest Weibullcg). As discussed in Chapter
4, mixes with higher Weibullcg are expected to provide better resistance to cracking. Mixes D6L1 and
D2L2 had the highest Weibullcg, while D3L1 had the lowest Weibullcr. Therefore, the former is expected
to provide better racking as compared to the latter. Weibullcg, results provided good agreement with
expected performance based on the composition of the mix. The results of this indicator showed that
D2L2 had cracking resistance (higher Weibullcr)) when compared to D2L1 and D3L1. Also, as expected
D1L1 had better cracking resistance than D3L5 and D3L1 had cracking resistance than D3L1 which is in
good agreement with the Weibullcg results.

Monotonic Performance Indicators Variability

One important advantage of the monotonic tests over the dynamic tests is that the monotonic tests
have lower variability in the results as compared to the dynamic tests. Lower variability yields more
repeatable performance indicators thus improving the overall cracking resistance assessment. The COV
was used to assess the variability of the various tests. The coefficient of variation (COV) is one of the
statistical tools that can be used to study the variability of the test data around the mean value. The
coefficient of variation (COV) is the ratio of standard deviation to the mean. COV is independent of the
units of performance parameters thus it can be used to compare the variability of performance
indicators 18 The COV ranges from 0 to 100 percent where higher values indicate more variation with
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Figure 108 Weibull-CRI Calculated from IDT Test for PMLC Mixes

Figure 109 shows the average and the range of the COV for various performance indicators calculated
from the respective monotonic tests for both LMLC and PMLC. The field projects were not included in
this comparison since they have different air void content and thickness which may affect the variability
of different performance indicators. The indicators were classified into three categories based on their
COV;, low variability (COV <10 percent), moderate variability (20 percent < COV < 35 percent), and high
variability (COV > 35 percent). The results demonstrate that the Weibullcz had the lowest average COV
(7.4 percent). The flexibility index (Fl) calculated from the SCB-FI test had the highest average COV (25.8
percent). Performance indicators with low variability included Weibullcgi, IDTstrength, CRI (IDT), Gracture (IDT),
Gtracture (SCB-FI) and CRI (SCB-FI), while IDTstrength, Nflex, FI (IDT), FI (SCB-FI) and IDEAL-CT had moderate
variability. In general, performance indicators calculated from the IDT test data exhibited low variability
compared to indicators calculated from the SCB test data. Gracture (IDT) had an average COV of 10.3
percent while Geracture (SCB-FI) had an average COV of 14.2 percent. FI (IDT) had an average COV of 19
percent, while FI (SCB-FI) had an average COV of 25.8 percent. CRI (IDT) had an average COV of 8.7
percent, while CRI (SCB-FI) had an average COV of 11.3 percent.
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Figure 109 COV Percent Range for Different Performance Indicators using LMLC and PMLC Data
Correlation between Monotonic Performance Indicators

This study evaluated several cracking resistance performance indicators that were calculated from
different testing protocols. This section studied the type and strength of the correlation between various
performance indicators. The correlation is defined as “a measure of association between two variables
that expresses the degree to which the two variables are rectilinearly related” '8, Two statistical tools
were used to examine the correlation between the monotonic performance indicator; the Pearson
product moment correlation coefficient (r) and the Spearman rank correlation coefficient (rs). The
Pearson coefficient examines the linear relationship between two performance indicators 8. The
Spearman rank coefficient is a particular case of the Pearson coefficient where it examines the
agreement on mixture performance ranking between two performance indicators '8, The coefficients (r
and rs) range between -1 and +1. The coefficient magnitude indicates the relationship strength, the
higher the value, the better the correlation. The coefficient sign indicates the relationship type, where a
positive sign indicates a direct relationship, and a negative sign indicates an inverse relationship 8, The
coefficients were computed using Minitab statistical analysis software.

Table 28 presents the computed Pearson coefficients. All coefficients had a direct (positive sign)
correlation with each other except with IDTwmoduiis. Performance indicators from different tests (i.e., IDT
or SCB) showed excellent or good correlation. There was a strong correlation between Gyracture (IDT) and
Gtracture (SCB-FI) (r = 0.912). There was a good correlation between CRI (IDT) and CRI (SCB-FI), FI (IDT) and
FI (SCB-FI) with r=0.774, 0.742, and 0.713, respectively. Jc and IDTstrength do not correlate well or no
correlation at all with other indicators. On the other side, the Weibullc correlated with more indicators
than any other performance indicators. The Weibullcg had strong correlation with CRI (IDT) (r =0.941), FI
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(IDT) (r =0.950), IDEAL-CTingex (r =0.922), and Nflex factor (r =0.922). Also, the Weibullcr had good
correlation with Gracture (IDT) (r =0.767), Gtracture (SCB-FI) (r =0.784) and fair correlation with and Jc (r
=0.634), FI (SCB-FI) (r =0.516), and IDTmodulus (r = - 0.498). Such good correlation of Weibullcr with most of
the performance indicators was attributed to its calculation method. Each indicator uses one or more
elements of the load-displacement curve, while Weibullcr describes the entire load-displacement curve.

Understanding the correlation between indicators is needed; however, it is more important to examine
how various performance indicators rank the same test mixes in terms of cracking resistance. Table 29
presents the computed Spearman correlation coefficients. The Weibullcr had better ranking agreement
with more indicators than any other performance indicators. The Weibullcg had excellent agreement (r
> 0.9) with CRI (IDT), FI (IDT), and Nflex factor. Also, it had good ranking agreement (0.7< rs > 0.9) with
Gtracture (IDT), Geracture (SCB-FI), CRI (SCB-FI), and IDEAL-CTingex. The CRI (IDT) had an excellent ranking
agreement with FI (IDT) (rs = 0.975) and perfect agreement (rs of 1) with Nflex factor. J. had fair to poor
ranking agreement with all indicators. IDTmoduius ranking had an indirect ranking with other indicators.
The Pearson and Spearman correlation results clearly demonstrated the advantages of using Weibullcg
over other parameters. It had better ranking agreement and correlation with more indicators than any
other performance indicators.

Table 28 Pearson Coefficient (r) for Monotonic Performance Indicators

CRI Fi

*c';i?’;?c?gnt Weibuller G(fIDtT) (SEZBIFI) (ICDRTI) (55;3' (|ng) (chl;s- Icl:)TE./:L f':f:ltec;(r 'DTswergth | D Trosuus | lc
Weibullew 1

Grracture (IDT) 0.7672 1
Gracure (SCB-FI) || 0.784 | 0.912 1

CRI (IDT) 0941 | 0805 | 0.810 1

CRI (SCB-FI) 0.626 | 0426 | 0507 | 0774 1

FI (IDT) 0950 | 0742 | 0738 | 0975 | 0760 | 1

FI (SCB-FI) 0516 | 0342 | 0409 | 0713 | 0952 | 0673 | 1

IDEAL-CTindex 0922 | 0756 | 0700 | 0878 | 0685 | 0902 | 0562 1

Nflex factor 0.962 | 0830 | 0807 | 0981 | 0674 | 0977 | 0.606 | 0911 1

IDTatrength 0199 | 0758 | 0617 | 0231 | -0.110 | 0.147 | -0.178 | 0257 | 0.281 1

IDTvoctuus -0.4984% |120.093 501014 -0572° | -0.731 | -0.586 | -0.801 | -0.576 | -0.538 | 0471 1

Jc 0.634 | 0476 | 0560 | 0668 | 0499 | 0628 | 0384 | 0433 | 0601 [ 0054 -0228 | 1

1 Green cells indicate excellent correlation (r > 0.9),? orange cells indicate good correlation (0.7 < r < 0.9), yellow cells indicate fair correlation (0.5 < r < 0.7)
white cells indicate poor correlation (0.1 <r <.5), and * red cells indicate not correlation
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Table 29 Spearman Coefficient (r;) for Monotonic Performance Indicators

Gracture CRI Fl
ég:;lr:::t Weibullc G(;D‘T) (fSCtB- “CDRT') (SCB- (|[F)|T) (SCB- '?TE/:L f';'i'tixr IDTsrength | IDTwioduiss | JC
Fl) FI) FI)
Weibullcri 1
Giracture (IDT) 0.6972 1
Grracure (SCB-FI) || 0.733 | 0.745 1
CRI (IDT) 09641 | 0794 | 0.806 1
CRI (SCB-FI) 0721 | 0564 | 0576 | 0.818 1
FI (IDT) 0927 | 0745 | 0.758 | 0.964 | 0.891 1
FI (SCB-FI) 0.442% | 0418 | 0273 | 0576 | 0879 | 0.624 1
IDEAL-CTinder 0842 | 0770 | 0661 | 0879 | 0709 | 0.891 | 0515 1
Nflex factor 0.964 | 0794 | 0.806 | 1.000 | 0.818 | 0964 | 0576 | 0.879 1
IDTsrengtn 0139 | 0685 | 0.479 | 0212 [ -0.091° | 0.115 | -0.176 | 0.152 | 0.212 1
IDTwodulus 0515 | -0.236 | -0.115 | -0.576 | -0.758 | -0.600 | -0.830 | -0.612 | -0.576 | 0.442 1
ic 0491 | 0309 | 0539 | 0503 | 0345 | 0442 | 0127 | 0285 | 0.503 | 0103 [Ie0d0aN 1

1 Green cells indicate excellent correlation (rs > 0.9),2 orange cells indicate good correlation (0.7 < rs < 0.9), yellow cells indicate fair correlation (0.5 < r; < 0.7)
white cells indicate poor correlation (0.1 < ry <.5) and “ red cells indicate not correlation

Correlation between Monotonic and Dynamic Performance Indicators

Earlier in this chapter, the researchers correlated the monotonic tests to field performance, but the
comparison was not favorable. It is believed that the different air void contents and thicknesses of the
field cores highly affected the monotonic test results. Conversely, the team proposed thresholds based
on the MSSD test that were found to distinguish between mixes with different field cracking resistance.
The MSSD test is easy to conduct using an AMPT or MTS and the specimen preparation is simpler.
However, the longer testing time (3 to 9 hours) could be a disadvantage compared to the short testing
time of the monotonic tests. Therefore, the researchers searched for possible ways to develop threshold
performance criteria for selected performance indicators calculated from monotonic tests. The team
compared the MSSD testing parameters (i.e., slope [z] and absolute intercept [Abs (log H)]) to various
performance indicators of the monotonic tests for PMLC mixes. The PMLC mixes were prepared at the
required thickness of the different monotonic tests as well as the MSSD test, in addition they had same
average percent air void content (7£0.5 percent). Fixing the thickness and percent air void content for
the test specimens eliminated the effect of these variables on the results of the monotonic tests, thus
leading to better performance evaluation. Figure 111 illustrates an example of the correlation between
MSSD parameters (i.e., slope [z] and absolute intercept [Abs (log H)]) and Weibulle performance
indicator calculated using the IDT test. The correlation between Weibullcr performance indicator and
MSSD slope (z) parameters provided a coefficient of determination (R?) of 0.81 and 0.51 for the MSSD
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absolute intercept [Abs (log H)]) parameters. Such correlations can be described using an exponential
function (Figure 110). The Weibullcr decreases with the slope while it increases with the absolute
intercept. Both trend lines agree with the definition of each parameter/indicator. Higher Weibullcg,,
lower slope, and higher absolute intercept indicate better resistance to cracking. Since the slope
provided a better correlation with Weibulleg,, the next step was to transfer the MSSD performance
thresholds to the Weibulle as illustrated in (Figure 112). The slope (z) parameter proposed three
cracking resistance thresholds; good cracking resistance (z < 1.9), fair cracking resistance (1.9 < z2<2.9),
and poor cracking resistance (z > 2.9). These thresholds were transferred to Weibullcg using the
correlation function between Weibullcr and z parameter (Figure 112). Three thresholds for Weibullcg
were proposed, good cracking resistance (Weibullcr > 4.7), fair cracking resistance (3.57 < Weibuller <
4.7), and poor cracking resistance (Weibulleg < 3.57).

Y= C4_ X eCSX

Figure 110 Correlation between MSSD Parameters

where:
Y = MSSD indicators (slope, or absolute intercept)
X = Monotonic performance indicators
C4 and Cs = Exponential fitting constants
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Figure 111 Correlation between MSSD Parameters (Slope, and Absolute intercept) and Weibullcg
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Figure 112 Proposed Weibullcr Performance Thresholds based on the MSSD Slope (z) Parameter

The same above procedure was repeated and followed with all other monotonic parameters and
presented in Appendix E. Table 30 summarizes the correlation coefficients (C4 and Cs), coefficient of
determination (R?), and the proposed thresholds for other monotonic performance indicators. The
results of Table 30 demonstrate that all monotonic indicators had better correlation (higher R?) with the
slope (z) as compared to the absolute intercept parameter. The best correlation was found between the
slope (z) and Weibuller (R? of 0.8). Good correlations were found between the slope (z) and Nflex factor,
CRI (IDT), FI (IDT), IDEAL-CTingex, and Geracture (SCB-FI) with R? values of 0.62, 0.59, 0.57, 0.55, and 0.55,
respectively. Fair correlations were found between the slope (z) and J. and Gfracture (IDT), and with R?
values of 0.46 and 0.38, respectively. Poor correlations were found between the slope (z) and CRI (SCB-
FI), FI (SCB-FI), and IDTmoduus With R% values of 0.18, 0.13, and 0.10, respectively. No correlation was
found between the slope (z) and IDTstrength (R? of 0.01).

Monotonic performance thresholds were proposed for Weibullcr;, Nflex factor, CRI (IDT), FI (IDT), IDEAL-
CTingex, Gfracture (SCB-FI), and J.. The correlation plots are provided in Appendix E. The proposed
thresholds for the selected performance indicators are provided in Table 30. The research team
compared the proposed thresholds for the selected performance indicators with the thresholds
proposed in other studies. West et al. (2017) recommended Nflex factor as a performance cracking
indicator and specified a minimum threshold of 0.8 to have good cracking resistance >°. This study
proposed a threshold of 0.7 for good cracking resistance which is close to the threshold recommended
by West et al. (2017) *°. Sreedhar et al. (2018) data showed that FI (IDT) value of 27 was able to
differentiate between cracked and uncracked mixes °. This study proposed a threshold of 22.6 for good
cracking performance. Diefenderfer and Bowers (2019) proposed the IDEAL-CTin¢ex to evaluate the
cracking resistance of asphalt mixes and proposed a minimum threshold of 80 as initial performance
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criteria for Virginia Department of Transportation (VDOT) 7. This study proposed a threshold of 73.7
was established to ensure good cracking performance. Also, LADOT uses J. as a cracking resistance
indicator and requires a minimum J. of 0.5 kJ/m? and 0.6 kJ/m? for Level-1 and Level-2 mix design,
respectively *°. In this study, a threshold of 0.6 was established to ensure good resistance to cracking.

In general, the proposed performance thresholds were comparable to the ones proposed by other
researchers for the respective tests. These findings support the approach followed by the research team
to determine the corresponding performance thresholds for selected monotonic tests to the ones
developed using the MSSD test. Among all monotonic performance indicators, the Weibullcg had the
best correlation with MSSD slope parameter (R?of 0.8), which is expected to provide more reliable
performance thresholds. The research team recommends the selection of Weibullcr as a performance
indicator for cracking resistance of asphalt mixes. This indicator had the best correlation with MSSD
(R%of 0.8) as well as the lowest variability in the test results (average COV = 7.4 percent).

Table 30 Correlation Results between MSSD Parameters and Monotonic Cracking Resistance Indicators

=T 5] 3]sz 58 28] o3| ==

m 3 3 on 3 = 0 = v = O > O > O

B 3 3 I 2 © g9 2 3 3 3

MSSD 82| 832 |82 32| 3> |32zl &3 s 2
2 O© -] -] 2z = =+ T o 3 o 3

paramatersand [§ ® % OO g & T g T 3 g o g e
c EE| 82 |82 | g5 rs | pS| 39 33
monotonic 2 < 2 > 2 > 58 55 £8 g = g =
indicators = 2 = 2 = 2 - 3 - 3 — s 3 s 3
2 o =3 |23 38 Z5 | &8 33 33

(= =3 = 3 =] =]

CE| TE | TE|RE | RE RE| 28| 23

Paramater/perf. Cs Cs R2 Cs Cs R? Fair Good
Gfracture (IDT) 5.18 | -1.24E-4 0.383 2.22 5.85E-5 0.21 - -
Gtracture (SCB-FI) 7.08 -5.77E-4 0.552 1.7 3.32E-4 0.46 1546 2280
CRI (IDT) 11.0 -2.86E-3 0.59 1.56 1.39E-3 0.35 466 614
CRI (SCB-FI) 494 -1.86E-3 0.18 2.02 1.07E-3 0.19 - -
FI (IDT) 4.46 -3.79E-2 0.57 2.48 1.74E-2 0.33 11.4 22.6

FI (SCB-FI) 2.80 -6.68E-2 0.10 2.95 3.91E-2 0.09 -—-- -
IDEAL-CT)ngex 3.67 -8.94E-3 0.55 2.70 4.16E-3 0.32 26.4 73.7
Nflex factor 4.60 -1.21 0.62 2.49 0.533 0.30 0.40 0.70
IDTstrength 2.85 | -3.23E-4 - 3.15 1.14E-4
IDTModulus 0.68 3.47E-3 0.13 4.19 -1.0E-3 ---- ----
Jc 3.60 -1.03 0.46 2.57 0.588 0.37 0.20 0.60
Weibullcg 10.8 -0.36 0.80 1.53 0.18 0.51 3.6 4.7

L Green cells indicate good correlation (R? > 0.80,2 yellow cells indicate fair correlation (0.5 < r, < 0.7), 3 white cells indicate poor correlation (0.1 < r;<.5), and * red

cells indicate no correlation
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Chapter 6
Comprehensive Evaluation of Rutting Performance

Introduction

Chapter 6 discusses the evaluation of rutting characteristics of the evaluated mixes. Two rutting testing
protocols were conducted (i.e., HWTT and APA rut test). The sensitivity of these tests to the
characteristics of the mixes was examined. Three different rutting performance indicators were
considered including the HWTT rut depth after 15,000 passes (HWTT1s000), the HWTT rut depth at 20,000
passes (HWTTa0000), and the APA rut depth after 8,000 cycles (APAsooo).

Sensitivity to Mixture Properties

HWTT Test

Figures 113 and 114 show the rut depth for the LMLC mixes after 15,000 and 20,000 passes in the HWTT,
respectively. Both indicators (HWTT1s000 and HWTT,0000) Were sensitive to the variation in binder content
and binder PG. Mixes prepared with PG 70-28 binder exhibited less rutting when compared to the ones
prepared with PG 58-34 binder at the corresponding binder contents, and the difference was statistically
significant (p-value < 0.05). The results also demonstrated that the rut depth increased with the increase
in binder content for both PG 70-28 and PG 58-34 binders. However, for both binders, the difference in
rut depth was only statistically significant between 4.25 percent and 5.75 percent and between 5.00
percent and 5.75 percent binder contents, while it was not statistically significant between 4.25 percent
and 5.00 percent. The average coefficient of variation (COV) of the HWTT test results was 15 percent and
14 percent after 15,000 and 20,000 passes, respectively. None of the LMLC mixes exhibited any sign of
moisture damage although antistrip additives were not used.

APA Rut Test

Figures 115 shows the APA rut depth for the LMLC mixes after 8,000 load cycles. The mixes prepared
with PG 70-28 binder were tested at 70 °C, while the mixes prepared with PG 58-34 binder were tested
at 58 °C as per AASHTO T340 test procedure. Mixes with PG 70-28 binder experienced higher rut depth
compared to mixes with PG 58-34 binder at the corresponding binder content and the difference was
statistically significant (p-value <0.05). Asphalt mixes with stiffer binders are expected to have higher
resistance to rutting compared to mixes with softer binders if both are tested at the same temperature.
The results also show that the APA rutting increased with the binder content for both binders (i.e., PG
70-28 and PG 58-34). The difference in rut depth for the mixes prepared with the PG 70-28 binder was
significant between 4.25 percent and 5.75 percent and between 5.00 percent and 5.75 percent. For the
mixes prepared with the PG 58-34 binder, the difference in performance between all binder contents
was statistically significant. The APA rut depth increased with binder content. The average COV of the
APA rut test results was 8 percent which was smaller than the coefficient of variation of the HWTT.
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Figure 114 Sensitivity of HWTT Rut Depth after 20,000 Cycles to PG and Binder Content
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Figure 115 Sensitivity of APA Rut Depth at 8,000 Cycles to PG and Binder Content

Rutting Evaluation of Field Projects

The researchers evaluated the rutting resistance of extracted field cores. These cores were obtained
from 17 different field projects across the state. Both HWTT and APA rut test were conducted on the
recovered cores. This section discusses the test results of the rutting performance evaluation.

HWTT Test

Figures 116 and 117 show the HWTT rut depth after 15,000 and 20,000 passes, respectively. The field
cores had an average rut depth between 2.63 mm and 14.39 mm with a standard deviation between
0.28 mm and 4.57 mm after 15,000 passes. Also, the field cores had an average rut depth between 2.82
mm and 14.39 mm after 20,000 passes with a standard deviation between 0.21 mm and 4.05 mm. The
coefficient of variation of the HWTT rut depth was 4.1 percent and 5 percent after 15,000 and 20,000
passes, respectively. Tukey’s HSD results classified the tested field cores into ten groups based on the
results of both parameters (i.e., rut depth after 15,000 and 20,000 cycles). Only two mixes (D5C2 and
D2C11) out of 17 mixes exhibited signs of moisture damage. Mixture D5C2 exceeded the HWTT test
termination rut depth (14.39 mm after 15,000 cycles) (Figure 118). Mixture D2C11 showed inconsistent
results, the left wheel specimens had good rutting resistance (average rut depth of 5.2 mm at 20,000
cycles) while the right wheel had poor rutting resistance and moisture damage (average rut depth of
12.42 at 14,800 cycles) (Figure 119). This could be contributed to different air void content between the
left and right wheel specimens, but the researchers were not able to test additional cores due to the
limited number of field cores received from this project.
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Figure 116 HWTT Rut Depth after 15,000 Cycles for Field Cores
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Figure 119 Mixture D2C11 Specimens after Testing using HWTT Test

APA Rut Test

Figure 120 shows the APA rut depth measurements after 8,000 load cycles. Due to the limited number of
field cores obtained from some of the field projects, only 12 field projects were tested using the APA rut
test. The field cores had an average rut depth between 1.86 mm and 7.15 mm with a standard deviation
between 0.03 mm and 0.63 mm. The APA rut depth results showed low variability (COV of 2 percent).
Tukey’s HSD classified the mixes into four groups as shown in Figure 120. Cores extracted from project
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D5C2 had the highest rut depth (7.15 mm), while cores from field project D2C6 had the lowest rut depth
(1.86 mm) when compared to other projects (Figure 120).
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Figure 120 APA Rut Depth after 8,000 Cycles for Field Cores

Figure 121 Mixture D5C2 Specimens after Testing using APA Test

Correlation between Laboratory and Field Rutting Measurements

Figures 122 and 123 show the field rut depth versus the HWTT rut depth after 15,000 and 20,000 passes,
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respectively. All field projects had either good (rut depth < 6.09 mm) or fair rutting performance (rut
depth < 12.44 mm) according to ITD criteria (Table 12). The plots were divided into three shaded areas;
green, yellow, and red. The green shaded area represents projects with good resistance to rutting, the
yellow shaded area represents projects with fair resistance to rutting, while the red shaded area
represents projects with poor to very poor resistance to rutting. The field rutting performance
demonstrated that 11 mixes had good rutting resistance and six had fair field rutting resistance. None of
the mixes had poor or very poor rutting resistance. Similarly, Figure 124 shows the field rut depth versus
the APA rut depth after 8,000 cycles.

The laboratory and field results clearly demonstrate no rutting problems in asphalt mixes in Idaho and
this is consistent with inputs received from the Material Engineers. Superpave mix design tends to
produce dry mixes which provides good resistance to rutting. In addition, the current practice at ITD is to
use the APA rut test to evaluate the rutting resistance of all 75- and 100-gyration asphalt mixes produced
and used in the state. The results show that this is an effective practice that should be maintained. Based
on the laboratory rutting evaluation and the findings of the literature review, the research team
proposed performance thresholds to ensure that asphalt mixes have good/fair rutting performance.
Different thresholds were proposed for the three performance indicators: 1) HWTT rut depth after
15,000 passes (HWTT1s000), 2) HWTT rut depth after 20,000 passes (HWTT20000), and 3) APA rut depth
after 8,000 cycles (APAsooo). A maximum rut depth of 10 mm for HWTT1s000 (Figure 122), 12.5 mm for
HWTT20000 (Figure 123), and 5 mm for APAsoqo (Figure 124) were proposed. These thresholds can
differentiate between good/fair and poor/very poor mixes.

Similar thresholds are used by several transportation agencies. For example, Washington Department of
Transportation (WSDOT) specifies a maximum rut depth of 10 mm for HWTT1s000 (for mixes designed for
more than 3 million ESAL’s tested at 50 °C without any sign on moisture damage)'?. Louisiana
Department of Transportation (LADOT) specifies a maximum rut depth of 10 mm rut depth for HWTT20000
for wearing course tested at 50 °C °. Table 2 presents different thresholds used by various
transportation agencies. Similarly, other DOTs including ITD adopted the APA rut test and use different
thresholds as presented in Table 3. For example, Alabama Department of Transportation (ALDOT)
specifies a minimum value of 4.5 mm for “E” mixes (1E107 < ESALs < 3E107) after 8000 cycles. Also,
Virginia Department of Transportation (VDOT) specifies minimum values of 3.5 mm, 5.5 mm, and 7 mm
for mixture designation A, D, and E, respectively after 8000 cycles. Currently, ITD specifies a maximum
rut depth of 5 mm for APAggo for SP3 and SP5 mixes.

125



Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho
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Figure 122 Laboratory HWTT Rut Depth after 15,000 Passes versus Field Performance
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Figure 123 Laboratory HWTT Rut Depth after 20,000 Passes versus Field Performance
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Figure 124 Laboratory APA Rut Depth after 8,000 Cycles versus Field Performance

Rutting Performance Evaluation of PMLC Mixes

This section discusses the results of rutting tests conducted on the Plant-Mixed Laboratory-Compacted
(PMLC) mixes collected from the 10 new paving projects. Similar to the field cores, both the HWTT and
APA rut test were used to test the PMLC mixes. The HWTT can be used to evaluate the moisture damage
performance in addition to rutting as discussed earlier.

HWTT Rut Depth after 15,000 Passes (HWTT15000)

Figure 125 shows the HWTT rut depth measurements after 15,000 passes. The PMLC mixes had an
average rut depth between 1.62 mm and 4.84 mm, with a standard deviation between 0.05 mm and
0.81 mm. The results showed low variability of the test results (COV = 5 percent). Tukey’s HSD classified
the PMLC mixes into seven different groups. The results showed that D3L3 and D3L4 had higher rut
depth compared to other mixes, while D2L1 had the lowest rut depth. None of the PMLC mixes showed
signs of moisture damage. It should be noted that the current ITD specifications require the use of anti-
strip agents or additives as percent of binder by weight (minimum of 0.5 percent) 7. In addition, ITD uses
the immersion compression test (ASTM D1075) to evaluate the resistance of asphalt mixes to moisture
damage. In the immersion compression test, the index of retained strength is used to assess the
moisture damage. The index of retained strength reflects the ratio of compressive strength of test
specimens in dry and water-immerged conditions. A minimum retained strength of 85 percent is
selected as pass criteria as per ITD standard specifications. Figure 126 shows the retained strength for
the PMLC mixes. All mixes satisfied the threshold requirements per current ITD specifications.
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Figure 127 shows the HWTT1s000 results for all mixes evaluated in this study including LMLC, PMLC, and
field cores. The PMLC mixes exhibited better rutting resistance (lower rut depth) when compared to
recovered field cores. All the PMLC mixes had HWTT rut depths lower than the proposed threshold (10
mm) after 15,000 passes. These results demonstrate that PMLC mixes would show good rutting
performance if proper field construction and compaction are achieved and the required density is met.
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Figure 125 HWTT Rut Depth after 15,000 Passes for PMLC Mixes
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HWTT Rut Depth after 20,000 Passes (HWTT20000)

Figure 128 shows the HWTT rut depth after 20,000 passes for the PMLC mixes. The mixes had an average
rut depth between 1.74 mm and 5.09 mm and a standard deviation between 0.04 mm and 0.85 mm. The
HWTT results showed low variability (COV = 5 percent). Tukey’s HSD classified PMLC mixes into six
different groups that are statistically significant different in terms of the rut depth. Figure 129 shows the
HWTT,0000 results for all mixes evaluated in this study including LMLC, PMLC, and field projects. All the
PMLC mixes had lower HWTT rut depth than the proposed threshold (12.5 mm) after 20,000 cycles.
Again, these results demonstrate that PMLC mixes would show good rutting performance of proper
construction and compaction practices are followed in the field.

Figure 130 shows the correlation between HWTT rut depth after 15,000 passes and 20,000 passes. There
was excellent correlation between the two indicators. Field projects had a coefficient of determination
(R?) of 0.9, PMLC mixes had an R?of 0.98, while LMLC mixes had an R?of 0.99. In addition to the higher
coefficient of determination (R?), the Spearman rank correlation coefficient (rs) was also evaluated. This
coefficient was used to study the ranking correlation (from best to worst in terms of rutting resistance)
between both rutting indicators (e.g., HWTT1s000 and HWTT20000). Excellent ranking agreement between
both indicators (rs = 0.98) was found. These results demonstrate that the two rutting performance
indicators (HWTT1s000 and HWTT,0000) are highly correlated and thus using one or the other would be
sufficient. Since the HWTT1s000 requires less number of passes which reduces the HWTT testing time, it is
recommended over HWTTao000.
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Figure 128 HWTT Rut Depth after 20,000 Passes for PMLC Mixes
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HWTT rut depth after 20,000 passes
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Figure 129 HWTT Rut Depth after 20,000 Passes for all Test Mixes (LMLC, PMLC, and Field Cores)
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APA Rut Depth after 8,000 Cycles (APAsoo0)

Figure 131 shows the APA rut depth after 8000 cycles for the PMLC mixes. The mixes had an average rut

depth between 1.67 mm and 4.36 mm and a standard deviation between 0.01 mm and 0.69 mm. The
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results show that the APA rut test had low test variability (COV = 11 percent). Tukey’s HSD classified the
PMLC mixes into seven different groups. The results showed that both mixes D3L3 and D5L1 had the
highest rut depth, while mixture D2L1 had the lowest rut depth.

Figure 132 shows the APA rut depth after 8000 cycles for all evaluated mixes including field projects,
PMLC mixes, and LMLC mixes. Based on current ITD specification of maximum APA rut depth of 5 mm, all
PMLC mixes are expected to have good rutting resistance. Figure 133 and Figure 134 show the
correlation between APAggooand both HWTT1s000 and HWTT 20000, respectively. The results showed no
correlation between HWTT and APA performance indicators. The HWTT and APA rut test evaluate
asphalt mixes under different testing temperatures and conditions. For instance, the HWTT test was
performed at 50 °C, while APA rut test was performed at the high binder performance grade. Since the
viscosity of asphalt binder changes with the testing temperature, it is expected that asphalt mixes
provide different performance. In addition, the HWTT test is conducted in wet conditions, while the APA
rut test is conducted in dry conditions. The APA rut test was also found to have poor ranking agreement
with both HWTT1s000 and HWTT20000 rutting indicators (Rs= 0.14 and 0.10 with HWTT 15000 and HWTT 20000,
respectively).
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Figure 131APA Rut Depth after 8,000 Cycles for PMLC Mixes
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Chapter 7
Conclusions, Implementation and Recommendations

Conclusions

This study examined the cracking and rutting performance of various asphalt mixes in Idaho including
field projects, PMLC mixes, and LMLC mixes. The LMLC mixes were tested to examine the sensitivity of
various performance indicators and tests to binder content and binder PG. The PMLC were tested to
evaluate the performance of current mixes produced in the state to cracking and rutting based on
performance specifications provided in the literature. In addition, field cores were tested in the
laboratory and the results were compared to the observed field performance to develop cracking and
rutting performance thresholds.

Based on the findings of the literature review, two rutting tests were selected and used in this study;
Hamburg Wheel Tracking Test (HWTT) and Asphalt Pavement Analyzer (APA). The HWTT is conducted in
accordance with AASHTO T324, while the APA rut test is conducted in accordance with AASHTO T340.
The HWTT can also be used to evaluate asphalt mix resistance to moisture damage. The cracking tests
conducted in this study include monotonic tests (IDT [ASTM D6931], SCB-FI [AASHTO TP 124], and SCB-Jc
[TR 330]), and a new dynamic test called Multi-Stage Semi circle bending Dynamic (MSSD) test that was
developed by the research team in this study. A total number of 12 performance indicators calculated
from the monotonic tests were evaluated in this study, including a new performance indicator developed
also by the research team called Weibullcr. The main findings of this study can be summarized as
follows:

e The monotonic tests are simple to conduct and have less variability in the test results compared
to the dynamic tests; however, the results of these tests are highly influenced by the percent of
air voids and specimen thickness. Monotonic tests can be used to compare mixtures with similar
percent air voids and thickness and the dynamic testing is recommended when the test
specimens have different air voids and thickness.

e Table 23 provides comparison between the monotonic and dynamic tests. Such comparison
includes various criteria including testing time, specimen preparation, specimen geometry,
complexity of testing systems and cost. The monotonic tests require less expensive testing
systems and have shorter testing time compared to the dynamic tests.

e The IDT monotonic tests require simple specimen preparation compared to SCB monotonic tests
and often have less variability in the test results. Performance indicators determined from IDT
monotonic tests such as Weibullcr), IDEAL-CTingex, and Nflex factor are recommended over
performance indicators determined from SCB monotonic tests.
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e The newly developed and proposed dynamic test (MSSD) was able to address several limitations
associated with other current dynamic tests. This test simulates the repeated loading (dynamic)
in a reasonable testing time, has well-defined and fixed loading sequences that work for various
mixes irrespective of their characteristics (e.g., mixture composition, percent air void content,
thickness, etc.), and use similar testing equipment and specimen geometry used in the
monotonic tests.

e The MSSD parameters (z and Abs [log H]) were able to differentiate between field projects with
different cracking resistance (e.g., good, fair, and poor). The research team proposed three
thresholds to distinguish between mixes; good cracking resistance (z < 1.9) or (Abs [log H]>3.60),
fair cracking resistance (1.9 <z<2.9) or (3.0 < Abs [log H] < 3.60), and poor cracking resistance
(z> 2.9) or (abs [log H] <3.0). The slope parameter (z) was found to correlate well with the
intercept parameter (Abs [log H]), in addition there was less overlap in the slope results
compared to the intercept parameter. Therefore, the researchers recommend the use of the
slope thresholds. In this study, the dynamic testing was used to evaluate the cracking
performance of cores extracted from the field and the results were compared to field cracking
performance. Future studies could utilize the results of MSSD test in performance models to
predict pavement performance which was not an objective of this project.

e Various monotonic cracking resistance indicators proposed in the literature were evaluated in
this study. Unlike the dynamic test, none of the monotonic cracking resistance indicators was
found to differentiate between field projects. Field cores have different air void content and
thicknesses, and it is believed that the results of the various cracking resistance indicators were
influenced by these conditions. Instead of developing performance thresholds using a direct
correlation between the monotonic cracking resistance indicators and field performance (as was
performed for the dynamic test), the results of the performance indicators were compared to
the results of dynamic test for the PMLC mixes. Performance thresholds of the dynamic test
were used to estimate the corresponding thresholds for the selected monotonic performance
indicators. In the meantime, some monotonic cracking indicators were able to detect the
change in mix composition and thus they can be used to examine the change from mix design to
field production.

e Various monotonic cracking resistance indicators proposed in the literature were evaluated in
this study. However, none of these indicators can describe the entire load-displacement curve.
In this study, the authors proposed a new and innovative performance indicator called Weibull
Cracking Resistance Index (Weibullcri), which is used to describe the entire load-displacement
curve and evaluate resistance of asphalt mixture to cracking. This index was found to provide
the best correlation (R?= 0.8) with the dynamic test results of the PMLC compared to other
monotonic performance indicators. In addition, the Weibullcz; was found to have the lowest
variability in the test results compared to other monotonic cracking resistance indicators.
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Therefore, the research team recommended the use of Weibullcr over other monotonic
performance indicators evaluated in this study.

We used the correlation between the MSSD test and Weibullcg for the PMLC mixes to develop
performance thresholds for the Weibullcr corresponding to the thresholds of the MSSD slope
parameter (z). Three performance thresholds for the Weibullcr were proposed: good cracking
resistance (Weibullcr > 4.7), fair cracking resistance (3.57 < Weibullcr < 4.7), and poor cracking
resistance (Weibullcr < 3.57). Similarly, thresholds for other performance indicators including
Gtracture (SCB-FI), CRI (IDT), Jc, IDEAL-CTingex, FI (IDT), and Nflex factor were proposed. For example,
three performance thresholds for the IDEAL-CTinqex Were proposed: good cracking resistance
(IDEAL-CTindex > 73.7), fair cracking resistance (26.4 < IDEAL-CTingex < 73.7), and poor cracking
resistance (IDEAL-CTindex < 26.4). The proposed thresholds for some performance indicators were
comparable to the ones proposed by other researchers. These findings support the approach
followed by the research team to develop thresholds for the selected monotonic tests
corresponding to the ones developed using the MSSD test.

Various performance indicators including Geracture (IDT), Gtracture (SCB-FI), CRI (IDT), CRI (SCB-FI), FI
(IDT), FI (SCB-FI), IDEAL-CTingex, Nflex factor, IDTstrength, IDTwmoduius, Je, and Weibuller; were sensitive
to the variation in binder content and binder PG. However, some indicators showed unexpected
trend with binder content including Gsracture (IDT), Gtracture (SCB-FI), IDTstrength, and Jc and with PG
type (e.g., IDTstrengtn). In addition, some indicators didn’t show clear trend including Geracture (IDT),
Gfracture (SCB-H), IDTModqus, and Jc.

Gtracture (IDT), Gtracture (SCB-FI), CRI (IDT), FI (IDT), Nflex factor, and Weibullcr/(IDT) showed that
mixes D2L2 and D6L1 are expected to exhibit good cracking resistance compared to mixture
D3L1 which is expected to have poor cracking resistance. This is because mixture D6L1 had the
lowest RBR content (0 percent), higher binder content (5.40 percent), softer design binder (PG
64-34), dense aggregate gradation (SP5), and small NMAS (12.5mm). Mixture D2L2 also had high
binder content (5.70 percent), softer virgin binder (PG 58-34), and small NMAS (12.5 mm).
Conversely, mixture D3L1 had the highest RBR content (50 percent) and stiffer binder PG (PG 70-
28).

Monotonic cracking resistance indicators had different Pearson correlation coefficients and
Spearman ranking correlation coefficients among each other. The Weibulleg correlated with
more indicators than any other performance indicators. The Weibullcz had strong correlation
with CRI (IDT), FI (IDT), IDEAL-CTingex, and Nflex factor. Also, the Weibullcr had good correlation
With Geracture (IDT), Grracture (SCB-FI) and fair correlation with and J., FI (SCB-FI), and IDTmoduius- Such
good correlation of Weibullcr with most of the performance indicators was attributed to its
calculation’s method. Each indicator uses one or more elements of the load-displacement curve,
while the Weibullcg describes the entire load-displacement curve.
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e The HWTT and APA rutting indicators (i.e., APAgooo, HWTT1s000 and HWTT20000) Were sensitive to
binder content and binder PG. HWTT1s000 and HWTT,g000 indicators provided an expected trend
with the variation in binder content and binder PG, while the APAgo trend was expected for the
binder content only. Both tests (e.g., Hamburg and APA) had similar variation in the test results.
The average COV values for Hamburg and APA were 5 percent and 11 percent, respectively.

e HWTT and APA rut test rutting indicators (APAsoso, HWTT 15000 and HWTT30000) indicators were
used to differentiate between field projects with different cracking resistance (e.g., good, fair,
and poor). Different thresholds were proposed for the three performance indicators: 1) HWTT
rut depth after 15,000 cycles (HWTT1s000), 2) HWTT rut depth after 20,000 cycles (HWTT20000),
and 3) APA rut depth after 8,000 cycles (APAsgogo). A maximum rut depth of 10 mm for HWTT;s000,
12.5 mm for HWTT20000, and 5 mm for APAggo are proposed. These thresholds are proposed to
ensure adequate resistance to rutting. Also, the HWTT thresholds can be used to ensure
adequate resistance to moisture damage. Similar thresholds are used and adopted by several
transportation agencies.

e The current practice of ITD is to use the APA rut test to evaluate the rutting resistance of all 75-
and 100-gyration asphalt mixes produced and used in the state. The results of this study
demonstrated that such practice is very effective and should be maintained. The proposed APA
rut test rutting threshold in this study is the same as the current ITD threshold.

e All of the PMLC mixes and most of the field projects (except D2C5 and D2C11) showed no signs
of moisture damage. It should be noted that ITD specifies adding antistripping additives (e.g.,
liquid antistripping agent or lime) to asphalt mixtures as a percent of binder by weight
(minimum of 0.5 percent ) 7. The results suggested that such practice is very effective and
should be maintained. In addition, ITD could consider using the HWTT since it evaluates both
rutting and moisture damage resistance. Several DOTs (e.g., TxDOT, WSDOT, CODOT, LaDOT,
and MTDOT) use HWTT.

e Spearman ranking correlation showed excellent ranking agreement between both HWTT
indicators (rs = 0.98). These results demonstrate that the two HWTT rutting performance
indicators (e.g., HWTT1s000 and HWTT20000) are highly correlated and thus using only one or the
other would be sufficient. Since the HWTT1s000 requires less number of passes which reduces the
HWTT testing time, it is recommended over HWTT30000. Also, APA rut test was also found to have
poor ranking agreement with both HWTT1s000 and HWTTa0000 rutting indicators (Rs= 0.14 and 0.10
with HWTT1s000 and HWTTa20000, respectively).

Implementation

ITD can implement and adopt the proposed performance thresholds to ensure adequate resistance to
cracking, rutting and moisture damage. Figure 135 and Figure 136 illustrate the concept of implementing
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the proposed cracking and rutting thresholds during the mixture design process using the APA rut test
and HWTT, respectively. Only one rutting test (either APA rut test or HWTT) is required. Meanwhile,
HWTT is recommended over the APA since the HWTT can evaluate both rutting and moisture damage,
while APA rut test can be used only for rutting. This example shows that the cracking resistance is
improved (higher Weibullcr) with binder content while the rutting resistance decreases (rut depth
increases). Initially, the binder content is determined using Superpave volumetric procedures then it
would be optimized to achieve balanced (engineered) mix design with improved performance. The
binder content parameter can be replaced with other mix characteristics such as RAP content. For
instance, RAP content can be optimized to produce mixes with favorable performance. Also, combined
parameters can be optimized (e.g., binder content, RAP, and rejuvenator) to allow the use of higher RAP
in asphalt mixes yet meeting the performance specifications.

ITD can also use the proposed performance thresholds during the production and placement of asphalt
mixes in the field as quality control tool. Mixture performance changes with the change in percent
binder and RAP content. Loose mixes can be collected during the construction and test samples can be
prepared and tested for rutting (APA or HWTT) and cracking (Weibullcr)). Changes in these performance
indicators during the production indicate deviation from the original mix design.
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Figure 135 Schematic of Implementation of the Proposed APA Rutting and Cracking Thresholds
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Figure 136 Schematic of Implementation of the Proposed HWTT Rutting and Cracking Thresholds

The proposed performance thresholds can also be used as additional requirements to the current
Superpave volumetric design method similar to the current practice to assess asphalt mix resistance to
rutting. The proposed performance tests can be conducted after the volumetric design to satisfy the
minimum requirements of performance thresholds for both cracking and rutting. Figure 137 shows an
example of mixtures with different binder contents and PG. Asphalt mixes fail to achieve the required
cracking or rutting thresholds need to be redesigned to improve the mixture resistance to cracking
and/or rutting. In Figure 137, mixes in green shaded area have good resistance to both cracking and
rutting. Mixes in the orange shaded area have fair cracking resistance and good rutting resistance, while
mixes in the red shaded areas had either poor cracking or rutting resistance.
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Figure 137 Implementation of Performance Tests as Part of Superpave Design Method
Recommendations

e Itis recommended that more mixes produced in Idaho to be tested for cracking (Weibulle) and
rutting (APA or HWTT) and the proposed thresholds can be revised and adjusted based on the
mix design (SP3 or SP5) and traffic level.

e Itis recommended to evaluate the moisture susceptibility using both HWTT and Lottman test
and assess the correlation between these two tests and the applicability of HWTT to evaluate
the resistance of asphalt mixes to moisture damage.

e Further research investigation is recommended to reduce the testing time of the developed
MSSD test. Currently, this test can take up to 9 hours.
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Appendix A
PMLC Mix Design Summary Sheet

Table 31 Mixture D1L1 Mix Design Summary Sheet

Laboratory Values Target Spec.
Total Asphalt by Weight of Mix % (Pb) <3
Total Aspalt by Weight of Aggregate 5.6
Air Voids % (Va) 4.0 3.0-5.0
Voids in Mincral Aggregate (VMA) 14.7 14.0 min
Voids Filled with Asphalt (VFA) 72.8 65-75
Bulk Specific Gravity (Gmb) 2383
Unit Weight IbJcuft. 148.3
'Theo Max Spec Gravity (Gmm) 2.483
Theo Max Spec Gravity Ib./cuft. 154.6
Effective Specific Gravity of Blend (Gse) 2.696
Effect of Water on Compressive Streagth (Al Wes1) 94 85 min
Ninitial ( 8 Gyrations ) 88.6 <89.0
Ndesign SP-5 ( 100 Gyrations ) 96.0 = 96.0
Nmax ( 160 Gyrations ) 91.7 <98.0
NCAT Asphult Correction Factor 0.10 -
Dust to Asphalt 1.4 0.8-1.6
Laboratory Mlxl-g Temperature( deg in F) 325
Laboratory Compaction Temperailure(deg in F) 300
Plant Mixing Temperature(deg in F)** 317 - 326
Field Compaction Tempcnture(deg in F)** 295 - 303
Superpave Design Sample Wt in grams 4735
*Field mixing and compaction may be adjusted + /- 23 degrees per Viscosity Graph
Aggregate Gradation BDa ta
i Kt-213¢ | Kt-213¢ | Kt-213¢| °7° Break o
fove Sine B Rock | C Rock | Wash C| aovsr | ®*A® | Down | seeses
32.0% | 17.0% | 11.0% | 55% | 34.0% | 0.5% Gradation
1/ 25mm 100 100 100 100 100 100 100
3/4% / 19mm 100 100 100 100 100 100 100
172* 1 12.5mm 87 100 100 100 98 100 95
38" 1 9.5mm 57 100 100 100 29 100 B3
Mo. 4 /4.75mm 6 87 86 98 63 100 53
No. 8/ 2.36mm 3 57 34 86 42 100 36
No.16/ 1.18mm 2 38 k]| 72 29 100 25
Neo. 30/ 600um 2 26 17 43 21 100 17
No. 50 / 300um 2 19 9 21 16 100 12
No. 100 / 1 50um 2 14 4 5 12 96 8
No. 200 / 75um 1.5 10.9 2.0 1.9 9.4 86.0 6.3

* Aggregale breakdown wifl be controfled By the Hot Plant dust conirol system,
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 32 Mixture D2L1 Mix Design Summary Sheet

Mix Design Summary
|Mx Class. 12.5mm SP3{1-<10 qn ESALS
VS 12 Arroe B 10 g Caryon Cresk i
Spacfied 28
T PR o S s B85

1 -12

Binder Grade
ETs

AD18(792) AD19 (BTN T51) | QMM I'lu aq
16187

[No_ 50 (0 X
No. 100 (0.150 mm)
No. 200 g G758 mm)

Breskdown wei De coNTOMGD by Madn Of Our DEJROUNE.
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Appendix A PMLC Mix Design Summary Sheet

Table 33 Mixture D2L2 Mix Design Summary Sheet

Mix Design Summary
Project  |TcoctBearRudgn Grace o Pine L1 Laan T m:;, sphat Grode 250 mp‘c;‘;f?lﬂ —
M x Producer  |Kndfe River *Adjusted Bindar Grade PG 55-34
[ SPMDT (prn) Justn% Project Number AD1S (640)
" JWF Mix 10 NO_ {18020-19640-12 SmmSP3-R27 Koy Number 19640
Aggregate & (Gravel) Other Constituents (RAP, Blend Sand, Lime, ETC.)
Siock Pra 8 C C3 | BasaltB| RAP
“1res Ple Pas contoga (Prp) 22 25 10 15 r
Siock Pio S aurce Fhumber NP168c | NP168c | NP168¢ | NP168¢ | NP166e
[Ces 30 devaioped van “dry back Gmm Yes INo X
[ Mixture at Design Asphalt Content - Job Mix Formula
aomum ] 3
Gyratory Bulk Speciic Gravty (Gmb) | ___ 2420 Aggrogate Gradauon Swve | Blnd | L
Comb ned Aggregate (Gso) 2.719 1" ( 25 mm) 100 100
[Effective Specific Gravity (Gso) 2762 J& (18 mm; 100 100
Combined Apparent Gravly (Gsa) 2002 172 1125 nm) [H] 90-100
Absorbbon 16 38" (9.5 mm) 80 &0ma
[Bulk Specihic Gravity Rap (Gso) 2799 Mo 4 (475 mm) ]
|Absorbed Asphait. % (Pha) 059 |'No 8 (236 mm) . 28-58
Heclive Atphatl Content, % (Pbe) 5143 [No 16 (1 18 mm) 24
[ ato 119 |No. 30 (0 60 mm) 17
Ax Vords % (Va) 40 [No 0 (0 30 mm) 12
VIMA % 161 No. 100 (0 150 mm) 9
Al 75 No_200 (0 075 mm) 6.1 2-10
#p ol conlent Se4
ercont Rap by Binger 30 Asphat content. % (Pb) 5.7
[Relatve Denstty Sogmm @ Nmax 971 % AC coninbuied 16
{Ncat Correlation Factor @538C 0.51 Asphalt content added 41
L C T 290 Asphalt content by weight of agg 60
Gmb sample weight @ JMF 4750 Asphatt content by agg added 45
Number of Gyratons 75 Antstrp_ % 075%
regate Properties Asphatt Brand idaho Asphalt
{0 Vod Content Fines 23] Asphatt Grade PG B4-28
Sand Equivaient [:x] Mix 1omp_range 313-327
Fracture Face (1 Face / 2 Face) 1001100 Compaction temp range 28 298
Al and EloNgatec Parbcies 1 Asphalt specific gravity (GD) 17 ~ 1029
me Aggregate Geb 2656 Asphall speciic grawity (Gb) GO F 1,033
[Min/max Properties Min | Targot | Max Spac Limils
Avphalt contert, % {Pb) )3 57 60
Air Vo ds, % {Va) 0 40 a0 3050
VMA % 181 | 167 | 158 14 mn
[Manimum Spec 1 Gty (G} 253 | 2521 2510
Bulr “aecid e Geadty [dmd) 2410 | 2420 | 2434
P00/ Pom Rati 13 12 1 08186

Brashdowm viill be controled by means of cur baghcuse
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 34 Mixture D3L1 Mix Design Summary Sheet

Laboratory Values Taryet | Spec.
Total Asphalt by Weight of Mix % (Pb) LB
Total Aspalt by Weight of Aggregate 5.52
Air Voids % (Va) 4.0 4.0
Voids in Mineral Aggregate (VMA) 14.5 14.0 min
Voids Filled with Asphalt (VFA) 72 65-75
Bulk Specific Gravity (Gmb) 2.324
Unit Weight Ib/cuft. 144.7
Theo Max Spec Gravity (Gmm) 2.422
Theo Max Spec Gravity Ib./cuft. 150.8
Effective Specific Gravity of Blend (Gse) 2.617
Effect of Water on Compressive Strength (A/lWes1) 91 - 85 min
Ninitial ( 7 Gyrations ) 88.6 <89.0
Ndesign SP-3 ( 75 Gyrations ) 96.0 = 96.0
Nmax ( 115 Gyrations ) 97.3 <98.0
NCAT Asphait Correction Factor 0.28
Dust to Asphalt 1.2 0.6-1.2
Laboratory Mlxinﬂempenture( MF) 324
Laboratory Compaction Temperature(deg in F) 298
Plant Mixing Temperature(deg in F)** 290 - 324
Field Compaction Temperature(deg in F)** 280 - 303
Superpave Design Sample Wi, in grams 4645
*Field mixing and compaction may be adjusted + /- 25 degrees per Viscosity Graph
. Aggregate Gradation Data
. 12" Washed Break IMF
Sieve Size Chips #4 Chips| C-Pile C-Pile Sand RAP Diwn B
8.0% 6.0% | 3.0% | 16.0% | 12.0% | 54.0% | 1.0% Gradstios
1/ 25mm 100 100 100 100 100 100 100 100
34"/ 19mm 100 100 100 100 100 100 100 100
172" 7 12.5men 74 100 100 100 100 94 100 95
3/8" /9.5mm 24 79 100 100 100 85 100 85
No.4/4.75mm 2 3 76 86 97 65 100 64
No. 8/2.36mm 1 | 51 55 85 51 100 49
No.16/ 1.18mm 1 I 35 34 73 41 100 39
No. 30/ 600um . 1 1 26 20 45 31 100 27
No. 50/ 300um e 1 17 10 14 19 100 15
No. 100/ 150um | 1 12 3 2 12 100 9
No. 200 / 75um 0.9 0.4 8.2 1.2 0.8 7.7 900 | 5.7

* Aggregute breakdown will be controlled by the Hot Plant dust conirol sysiem,
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Appendix A PMLC Mix Design Summary Sheet

Table 35 Mixture D3L2 Mix Design Summary Sheet

Laboratory Values 'l‘ar;gt Spec.
Total Asphalt by Weght of Mix % (Pb) 52
Total Aspalt by Weight of Aggregate 5.49
Air YVoids % (Va) 4.0 4.0
Voids in Mineral Aggregate (VMA) 143 14.0 min
Voids Filled with Asphalt (VFA) 72 65-75
Bulk Specific Gravity (Gmb) 2316
Unit Weight Ib/cuft. 144.2
Theo Max Spec Gravity (Gmm) 2413
Theo Max Spec Gravity Ib/cuft. 1502
EfTective Specific Gravity of Blend (Gse) 2.605
Effect of Water on Compressive Streagth (4//Wes1) 91 85 min
Ninitial ( 7 Gyrations) 88.6 <89.0
[Ndesign SP-3 (75 Gyrations ) 96.0 = 96.0
Nmax ( 115 Gyrations ) 97.2 <98.0
NCAT Asphalt Correction Factor 0.16
Dust to Asphalt 1.2 0612
Laboratory Mixing Temperature( deg in F) 324
Laboratory Compaction Temperature(deg in F) 298
Plant Mixing Temperature(deg in F)** 290 - 324
Field Compaction Temperature(deg in F)** 280 - 303
Superpave Design Sample Wt. in grams 4640
*Fleld mixing and compaction may be adjusted +/- 25 degrees per Viscasity Graph
Aggregate Gradation Data
| {7 : Washed Break IME
Sieve Size Chips #4 Chips| C-Pile C-Pile Sand RAP Down i
16.0% | 11.0% | 18.5% | 10.0% 1o£% 34.0% | 0.5% Gradation
17/ 25mm 100 100 1w 100 100 100 100 100
V4" / | 9mun 100 100 100 100 100 100 100 100
1271 12 5;m 74 100 100 100 100 95 100 94
318"/ 9.5mm 24 79 100 100 100 87 100 81
No. 4/4.75mm 2 3 76 86 97 66 100 56
No. 8/2.36mm 1 1 51 S5 85 50 100 41
No.16/ 1.18mm 1 ! 35 34 73 40 100 32
No. 30 / 600um | 1 26 20 45 30 100 p ]
No. 50 / 300um 1 1 17 10 14 20 100 13
No. 100/ 150um I 1 12 3 2 13 100 8
No. 200/ 75um 09 04 82 12 0.8 8.7 90.0 53

* Aggregaie breakdown will be controlied by the Hot Plant dust controf sysiem.
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 36 Mixture D3L3 Mix Design Summary Sheet

Design Specifications: Blend 1/ 75 Gyrations @ N Baa{gn PG 64-28 (58-34 Adjusted Binder)

Gyratory Model # AFG2AS

Compacior:  Serial #8438 Job Mix Formula Spec
Percont Asphail by Weight of Total Mix 53 -
Percont Asphalt by Weight of Aggregale 58 -
Virgin Asphall by Woight of Mix 38
Percent Air Voids (Va) 40 4.0
Voids in Mineral Aggregate (VMA) 14.6 14 min
Compacled Unit Waight Gmb, pel | 2330 1450 -
Theoretical Maximum Density Gmm, pef | 2427  151.1 -
Percent Absorbed Asphall, Pba 0.7 -
Specific Gravily of Binder (Gb) 1.028
Parcont Gmm @ N Initial (7 Gyrations) 87.1 589.0
Percant Gmm @ N Design (75 Gyrations) 98.0 96.0
Percent Gmm @ N Max (115 Gyralions) 97.2 598.0
Dust to Asphak Ratio (D/A) 1.2 0.8-16
Parcent Passing #200 Sieve 5.4 2.0-100
Voids Filled w/ Asphalt (VFA) 73 65-75
Laboratory Mixing Temperalure for Design (*F) 307 302:311
Laboratory Compaction Temperature for Design (*F) 284 200-208
Laboratory Sample Weight for Volumetic Testing (g) 4675
{L5-134) Ignilon Oven (NCAT) Cotraction Faclor @ 538 °F 0.33
‘Los Angeles Abrasion (LAR) (%) 27 30 max
*idaho Degradation A % -200 4.2 5.0 max
Sand Equivalent 68 40 min
*Fracture Face Count (%) 100/99 75/60
Fine Aggrogate Angularily (%) 46.5 40 min
*Flat and Elongaled Particles in Coarse Aggregates (%) 0.0 10 max
Recycled Asphalt Pavement ( Properties
Percentage of Asohallin RAP. (Wt of Mix) 403 -
Percentage of RAP by Total Weight of Aggregate 38 -
Percent of RAP Bnder by Weight of Total Binder 20 30 max
RAP Contribulion by Mix_ 1.53 -
RAP NCAT Correclion Faclor 0.36 -

*Composite blend including RAP
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Appendix A PMLC Mix Design Summary Sheet

Table 37 Mixture D3L4 Mix Design Summary Sheet

B — R

Percent Asphalt by Weight of Total Mix 53 --
Percent Asphalt by Weight of Aggregale 55 -
_AH -3.95 _Virgin Asphalt by Weight of Mix 38 .
Percent Air Voids (Va) 4.0 4.0
Voids in Mineral Aggrogate (VMA) 146 14 min
Compacted Unit Weight Gmb, pef 2.305 1435 .-
Theoretical Maximum Density Gmm, pet 2.401 1495 -
Percent Absorbed Asphalt, Pba 06 =
Specific Graviy of Bindor (Gb) 1.030 -
Percent Gmn @ N Iniial (7 Gyrations) 88.1 5890
Percent Gmm @ N Design (75 Gyrations) 96.0 96.0
Percent Gmm @ N Max (115 Gyrations) 97.6 $98.0
Dust to Asphakt Ratio (D/A) 12 06-1.2
Porcent Passing #200 Sieve 54 2.0-10.0
Voids Filled w/ Asphalt (VFA) 72 65-75
Laboralory Mixing Temperature for Design (*F) 285 281280
Laboratory Compaction Tomporaturo for Design (°F) 264 260-268
Laboratory Sampio Weight for Vokumetric Testing (g) 4660 =
Ignition Oven (NCAT L5-134) Correction Factor @ 538 °F 0.33 -
*Los Angeles Abrasion (LAR) (%) 27 30 max
*idaho Degradation A % -200 a7 5.0 max
Sand Equivalent 68 40 min
*Fracture Face Count (%) 95/87 75/60
Fine Aggregate Angularity (%) 469 40 min
*Flal and Elongated Particles in Coarso Aggregates (%) 0.0 10 max
Recycled Asphailt Pavement (RAP) Properties
Porcontage of Asphalt in RAP (W1, of M) 54 "
Porcontago of RAP by Total Weight of Aggregat 28 £
Percent of RAP Bindor by Weight of Total Binder 29 30 max
RAP Contribution by Mix 1.51 i
RAP NCAT Correction Facior 036 =
*Composits blend including RAP
“Temperatures decreased by 35° F due 10 the Introduction of EVOTHERM M1 warm mix additive.
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 38 Mixture D3L5 Mix Design Summary Sheet

Percent Asphalt by Weight of Total Mix 53 -
Percent Asphal by Weight of 58 -
_m -3.95 Viegin Asphait by Weight of Mix 38 w
Percent Ak Voids (V 40 40
Voids in Mineral Aggrogate (VMA) 146 14 min
Compacted Unit Weight Gmb, pef | 2305 1435 .
Theorstical Maximum Density Gmm, pe! | 2.401 1495 i
Percent Absorbed Asphalt, Pba 06 =
Specific Graviy of Bindor (G8) 1,030 a
Porcent Gevn @ N Iniial (7 Gyrations) 8.1 5890
Percent Gmm @ N Design (75 Gyrations) 96.0 96.0
Percent Gmm @ N Max (115 Gyrations) 976 5980
Dust to Asphak Ratio (D/A) 12 061.2
Porcent Passing ¥200 Sieve 54 2.0-100
Voids Filed w/ Asphat (VFA) 72 8575
Laboralory Miing Temperature for Design (°F) 285, ~281.289
Laboratory Compaction Tomperaturo for Design (F) 284 260-268
Leboratory Sampio Weightfor Vokumatrc Testing (s 4660 -
Ignition Oven (NCAT L5-134) Correction Facior @ 538 °F 033 3
*Los Angeles Abrasion (LAR) (%) 21 30 max
idaho Degradation 4 % -200 a7 5.0 max
Sand Equivalent 68 40 min
*Fracturs Facs Count (%) 9997 75060
Fine Aggregate Angquiariy (%) 489 40 min
“Flal and Elongaled Particles in Coars Aggrogatos (%) 00 10 max
Recycled Asphalt Pavement (RAP) Properties
Porcontage of Asphalt in RAP (WI. of M) 54 =
Porcontage of RAP by Total Weight of Aggregais 28 -
Percent of RAP Bindor by Weight of Total Binder 2 30 max
RAP Contribution by Mex 151 5
RAP NGAT Correction Faclor 036 =
*Composits blend Including RAP
*Temperstures decransed by 35° F dus 1o the Introduction of EVOTHERM M1 warm mix additve.
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Table 39 Mixture D5L1 Mix Design Summary Sheet

PROPOSED JOB MIX FORMULA

W Min [ Tarect T Max T Spec,
otal eight of Mix % (Pb) 4.80
Virgin Asphalt by Weight of Mix Hot Plant 3.38
Rap Binder Replacement 29.5% 1.42
Air Voids % (Va) 4.0 4.0
Voids in Mineral Aggregate (VMA) 14.5 13.0
Voids Filled with Asphalt (VFA) 72.5% 65-75
Dust Ratio(PCS 45% passing #4 / 0.8%-1.6%,MS2) 1.15 0.8-1.6
Bulk Specific Gravity (Gmb) 2386
Unit Weight IbJ/cuft. 148.5
Theo Max Spec Gravity (Gmm) 2.485
Theo Max Spec Gravity Ib/cuft. 154.7
% Gmm @ Nini(8 ‘ynﬁom) 88.0% 89% max
% Gmm (@ Ndes(100 gyrations) 96.0% 96%max
% Gmm @ Nmax(160 gyrations) 972% 98% Max
Effective Specific Gravity of Blend (Gse) 2.677
Specific Gravity of Aggregate (Gsb provided by I'TD) 2.656
Immersion Compression Dose 0.50% by weight 89% 85 Min
Fine Aggregate Aogularity 47% 4$5.0%
NCAT Asphalt Correction Factor(538 deg C) 020
Sand Equivalency (SE) 75% 45% min
Flat and Elongation 4% 10% max
|Percent Fracture | Face 97% 95.0%
|Percent Fracture 2 Face 95% 90.0%
Laboratory Mixing Temperature( deg in F) 280 deg
Laboratory Compaction Temperature(deg in F) 260 deg
‘!'Inl Mixing Temperature(degin F) 277 deg 285 deg
Field Compaction Temperature(deg in F) 257 deg 265 deg
&ww&nﬁ\vtuﬁnﬂ 4750 ¢
AGGREGATE GRADATION DATA
Sleve Size ARock | BRock | Clesn © Cat 1 Rap "‘J""" Break Dowe IMF -
b Blended Specification
20% 7% 28.5% 4% 05% 0.0% Gradation
1*/ 25mm 100 100 100 100 100 100 100 100 - 100
3/4" / 19mm 100 100 100 100 100 100 100 95 - 100
12%/ 12.5mm 28 98 100 97 100 100 84 79 - 90
3/8"/ 9.5mn S 55 100 93 100 100 67 62 - 72
No. 4/ 4.75mm 2 3 76 73 100 100 41 36 - 46
No. 8/2 36mm 2 2 50 55 100 100 29 25 - 33
No.16/ 1.18mm 1 2 35 38 100 100 21 17 - 25
No. 30/ 600um I 2 26 29 100 100 16 12 - 20
No, 50/ 300um 1 2 18 2 -99 100 11 8-14
No. 100/ 150um 1 2 12 17 -95 100 8 5-1
No. 200 / 75um 1.1 1.3 8.1 1.0 <90 100 5.0 35-65
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 40 Mixture D6L1 Mix Design Summary Sheet

AASHIU JMF Raguiremanis
1 Asphalt by Weight of Total Mix, % R 35 5.4%
2 Asphalt by Weight of Aggregates, % 5.7%
3 Air Voids (Va), % T 269 4.0% 3.0-5.0
4 Voids in Mineral Aggregate (VMA), % R 35 15.1% 14 min
5 Bulk Specific Gravity @ Ndes (Gmb) (100 Gyrations) T 166 2.347 146.1 pcf
6 Theorelical Maximum Specific Gravity (Gmm) T 209 2.444 152.1 pcf
7 Relative Density %Gmm @ Nini (8 Gyralions) R 35 87.0 < 89.0
8 Relative Density %Gmm @ Nmax (160 Gyrations) R 35 97.1 £98.0
9 Voids Filled w/ Asphalt (VFA), % R 35 73.3% 65-75
10 Film thickness, microns 7
11 Absorbed Asphall (Pba) by Weight of Aggregale, % R 35 0.50%
12 Effective Asphalt Conlent (Pbe) by Total Wt of Mixture, % R 35 4.9%
13 Specific Gravity of Asphalt 1.032
14 Laboratory Mixing Temp, °CI°F 327
15 Laboralory Compaction Temp, °C/°F 295
16 Recommended Plant Mixing Temp, °F 313-327
17 Compaction Temp Rangs, °F 286-300
18 NCAT Ignition Oven Correlation Factor @ 538° C T 308 0.06
19 Dust to Asphait Ratio R 35 0.9 0.8-1.6
20 Immersion Compression Retained Strength, % T 165 91% 85% min
21 Gyratory Gmb specimen weight, grams 4670
22 Combined Bulk Dry Specific Gravity of Aggregate (Gsb) TB85/IT 144 2.614
AGGREGATE STOCKPII_.E GRADATION
SM A B-Pile C-Pile Blended Mix Design
12% 368% 52% Gradation Tolerances
25.0 mm (1%) 100% 100% 100% 100% 100 100
19.0 mm (3/4") 100% 100% 100% 100% 100 100
12.5 mm (1/2%) 42% 100% 100% 93% 90 99
9.5 mm (3/8") 6% 72% 100% 79% 73 85
4.75 mm (No.4) 2% 4% 86% 46% 40 52
2.36 mm (No.8) 2% 2% 56% 30% 28 35
1.18 mm (No.16) 2% 2% 40% _22% 17 27
600 um (No.30) 2% 2% 31% 17% 12 22
300 um (No.50) 1% 2% 23% 13% 9 17
150 um (No.100) 1% 1% 15% 8% 4 12
75 um (No.200) 0.8% 1.0% 9.4% 4.2% 2.2 6.4
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Appendix B
Field Projects Mix Design Summary Sheet

Table 41 Mix Design Summary Sheet for Project D2C4
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 42 Mix Design Summary Sheet for Project D2C5

L | SLIMMARY OF FROPOSED JUE MIX FORMULA, ]
STAMDARD SPECE
1. Percant Asphail by Wesgst of Tota Mpe ... LY. A 753
L Perent Asphal by ‘Weight of Aggrogates. ......... 53
3 Arviokce AL e ——— 40 .1k
4. Woils in Mirees] Aggregate (VMR %N .. 2 3 min.
5 Compacied Lnt Wisght [Gmb) pof... .. - 1844
5. Manimem Theonsend [fice) {Gmm), pol............ IO
PR GmmE e B EA man
A W Grm @ Hmas..... ., ara B o
0. D\l ks, — 13 06z
10l Pevoand Picong #5200 Soreen s 54
1. Vs Filled (098] % L : P 1.8 5575
12 HCAT Ignitian Dheen Comeben Findo R H
13, ‘Spelio Gradly of Asphall (30)....... 1034
W, Labormory Wiing Temp, *F B ——— s
15 Labomtary Combaskan Timb, *F . D
85 Recommended Flan] Miafg Tenp, “F 13-XH
17, Coimpaetisn Termg Rangs, "F — 284)-353
10, Indew of Refained Soresgih . ... £l BS fras,
18, Lasgrplory Famphs Com padion Whaight, gm  ——a ARG
Spocife Girinfy B ADLONDED
Siman Gipan Taget Comeclion  Spec Cormbirari|
<. o LT Fatisr Bp e |
35 4 mem 117 100 ] — ]
16.0 mm {1771 36 | 100 | ik 5o | | zray Giraviy
126 mom (107 o TTaT v ol Ang.  (Gse)
5 5 men W) ] | e | 28w
4 75 mm () B3 4558 | sppawerd | zasa ]
|2 38 mim [MeES b 33T Epd
118 mim [Ma. 161 18 BT
JE00 wm (e 30) 13 B #17_ | semeptan [ w |
|00 sz [T, 440 B 811 ke
150 i M 1K} L) 410 [* 5% C-File
75 um (Mo 5.5 0y REAS ) V% P 1% Breakdown
19% AFRe ]
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Table 43 Mix Design Summary Sheet for Project D2C8

S TAMART TPECE
1. Pevcant Asghal by Wit of Tokd e ... Y a] 4753
L Percent Axphall by Weight ol Aggroganss. ..., 53
A rwinkEs WAL W R S a0 d
t'n'nd.thur-:iﬂm[‘ﬂﬂ'.i s T & 3 min.
£ Compacing Linkt Wisght [Bmb) pof... . - 1844
5. Masimem Theonsienl [Fics| {Gnm), pof. ... 10
PRGmm S N .1 B4 mas
B NOGrmE Hmas ..., ... ara B mao
0. Drléiiioel Harks, - i3 LG43
10 Paveard Picusarg #2200 Screen o 50
11 ot Plled (WAL % B 7.8 5575
12 HI:-'.TIE'II:I-mI:H-rnE-menIan::u- (T
13 Speolio Grnaly of Asphal (30).- .. ... 103
. Lahoraiony Widng Tamp, ¥ 7 i i ]
5 Labomfiory Compeskon Tiemp, *F . i : ]
85, Rerommernded Flan! Mbarg Tamp *F 115-XM
17. Compaction Tirms Rangs, *F — 28007
10, Indew of Refained Soresdth .. ... 2 4] B5 fras,
1. Lasoraiony Samphs Com paskon \Waight, gm ARG
Spoiife Grinsly K Abeowmion
[t St Temget Comoclion  Spec Carsbimaer|
_______ Lo LT Fatisy Bp G |
254 mm 1) 100 1w I
16.0 mem (347 38 | o100 § fuk SpG | | zray | Graviey
125 rmen (1627 azr 7TaT i ol Agg.  (EsE)
5 5 e (5] &1 | s | 28w
4 75 mm o2 = a5t | Appaver | zas |
2 58 min el in 23=47 =L
1.18 mam [Mo. 151 18 | 133
§500 um (e 2] L ar [ e |
K rarm [, 510 B 8-11 ]
150 o [P 10 | ¥ 410 " E3% C-File
FRumMoA0m | 6D 0¥ LEHS | 7% P 1% Ergikdown
- 19% AFRe ]
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Table 44 Mix Design Summary Sheet for Project D2C12

3 aw - &> J rv ) 1 A - et
| ASPHALT CONCRETE NIX DESIGN |
Pocpect Lowyer's Croek 1s Loser Rd. ST-4110 48 Date. 752007
Pawving Cantroctor: Valky Paving Chys of Midure 8P S (5 1o «30)
Asphak Suppher Mty Acpbun Oroto of Asphar: PG es-2eere |
Strigping Agors Unichen 3185w Testng Petformad By Antin Orye
Aggprepate Soutcus Searet Quoery M Deagn Specticatian: TD
= SUNMARY OF PROPOSED JOE MIX FORNULA 1
DESION
METRC MIX  TARGET NAX SPECS
1. Parcect Axgealt by Weight of Total M. .......... 832 553 575
2. Porcert Asgiadl bry Waigst of Agoregvies, . 542 LY L) &10
3. Alr Veuds, % SO PV VM SO 4655 e 40 33 )5
4, Mnummm; % 126 152 133 13min
5. Kiogrermm per Cutsic Metar / pet 240 “aa 1454 191
6 HuMNWWMMNp:I ............ 202 562 16587 1552
T RGMM D NI ... w2 58
B Perooet of Fracture in Conrm Ag3... ... 1001100  9CONMCO TCOVI00 BB
0. Flt & Elorgated partcles in Cooarss Ag0. . 2 2 r 10man
10, Sard Equrvalert Test ‘ S0 5 1] &5min
AT T AR SR O SO SR as m 75 £65.75
12 Fimthickness, microns ... .iiiieniinnnn r a 3 Bmin
13 Specifc Greety of Asplaal ., 1032 100 1052
14, Labaratovy Maing Termg, “CFAF.. . wo 20 0o 20
15, Laborstory Compaction Teme, “CFF 43 pio) 20 20
16. Recommended Platt Msing Tanp “F ... WHA2T  H0RX) ey
17. Compaction Temp Range, "F.. ... e, anaw s
18, Dosd to Aspha? Api0.......... a 18 15 3148
19. Fine Aggregste Angelarty L) Y & &5 min,
20. Recommuanded phdmodkcw-mm s 4450 »
N-Cot Aggtagsle Canection Factors Spcm Griraty & Alscrpion
Shve Si2es Blak NCu NCu e Coarse | Combirwa
Grad Fan. Ao Coo 2o -1 SpG
26.0 v {1%) 100 100 o :
19.0 e {34) 100 100 0 BulkSpG | 2822 | 2620 | 2831 | Surtace
12 " 0 Aror
G0 0 531 ' g
4 43 0  |®sexsso| 36050 | zeos | 2693 2 Fre
i il 0 SpG
10 w 0
13 " 0 Apgoront | 2347 2814 2823 JEMachve
1 " 0 Spo 559G ol Agp
a 0 0 27T
&8 13 07 |mememsl 23 | 286 | 27
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Appendix B Field Projects Mix Design Summary Sheet

Table 45 Mix Design Summary Sheet for Project D2C13

SUMMARY OF PROPOSED JOB MIX FORMULA
MIHN  TARGET MAX SPECS

1. Percent Asphalt by Weight of Todal Mix.................. .10 g.35 .80
2. Percent Asphalt by Weight of Aggregates............... 6.50 a.78 730
3. Percent Asphalt by Weight of Total Mix (Added)..... 4.93 523 5.88
4. Percent Asphalt by Weight of Aggregates (Added)...... 5.38 587 .20
B A Walds, Mo 50 4.0 a0 35
4. Woids in Mineral Aggregate (WVMA), Y | 18.5 162 162 14 min.
7. Lab Compacted Unit Weight pof............ 149.7 150.8 151.3
8. Maximum Theoretical (Rice) pof............. 157.6 157.0 155.9
9. Relative Density %Gmm @ Mmax................. ag.8 =880
10. Percent of Fracture in Coarse AQQ...oocoeeeeeennne. 100010 THE0
11. Flat & Elongated particles in Coarse Agg... 1 10 max
12. Sand Eguivalent Test................. Ta 40 min.
13. Vioids Filled, . ..o | T 75 g2 85-75
14 Film thickness, micnoms. .. ] 10 1 & min
15. Bpecific Gravity of Asphalt...........oooooe, 1.034 1.034 1.034
18. Laboratony Mixing Temg, “F ..o 300 30 0
17. Laboratony Compaction Temg, “F. ... 280 280 280
18. Recommended Plant Mixing Temg, °F.............. 285 300 05
18, Compaction Temp Range, "F...ocameeaee 275 280 283
20. NCAT Ignition Cwen Comelation Factor @ 480°C......... 0.82 o482 082
21. Fine Aggregate Angularity. ... 48 43 48 40 min.
22. Dwst to Asphalt Ratio................ 1.2 1.1 i0 0.8-18
23 Plant mixed 5 value specimen weight, grams..._.. - 4600
24. RAP Corection Factor ......... 0.58
25. RAP In Bland Is 1.12% oll by Agg. Or 1.11% by Mix
N-Cat Aggregate Cormecion Factors | Specific Gravity & Absorplion
Sieve Szes Target N-Cat N-Cat |RAP Fine | Coarse |Combined
Grad. Ave.  Awe-Cor
25,0 mm (17) 100 100 0 Bulk Specific Gravity
19.0 mm (347) 100 100 0 2819 | 2831 | 2608 | 2704 | Suface
12.5 mm [1/27) 94 il 0 Area
.5 mm (3/87) a0 a2 0 Bulk 55D Specific Gravity 540 mifkg
4.75 mm (No.4) 52 568 0 2721 | 2782 | 26,36 Ffb
2.36 mm (Mo.B) v 40 0
1.18 mm (Mo 16) 24 7 0 Apparent Specific Gravity
600 um (No_30) 17 20 0 2884 | 2883 | |Efiective
300 um [Mo.50) 11 13 0 SpG of Agg.
150 um (Mo, 100) ] ] 0 Percent Absorption 2.785
75 um (No_200) 5.9 5.7 0 | 35 | 20 | 08
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 46 Mix Design Summary Sheet for Project D3C2

Laboratory Values Tarse( Spec.
Total Asphalt by Weight of Mix % (Ph) 5.2

Total Aspalt by Weight of Aggregate 5.49

Alr Voids % (Va) 4.0 4.0
Voids in Mineral Aggregate (VMA) 14.8 14.0 min
Voids Filled with Asphalt (VFA) 73.0 65.75
Bulk Specific Gravity (Gmb) 2314

Unit Welght Ib./cuft. 144.0

Theo Max Spec Gravity (Gmm) 2411

Theo Max Spec Gravity Ib./cufl. 150.1

Effective Specific Gravity of Blend (Gse) 2.601

Effect of Water on Compressive Strength (AllWest) 103 83 min
Ninitinl { 7 Gyrations ) 88.6 =89%.0
Ndesign SP-3 ( 75 Gyrations ) 96.0 = 96.0
Nmax ( 115 Gyrations ) 97.2 < 98.0
NCAT Asphalt Correction Factor 0.29

Dust to Asphalt 1.2 0.6-1.2
Laboratory Mixing Temperature( deg in F) 330

Laboratory Compaction Temperature(deg in F) 302

Plant Mixing Temperature(deg in F)y** 286 - 335

Field Compaction Temperature(deg in F)** 262 - 3n

[Superpave Design Sample Wi in grims 4645

* Fleld mixing and compaction may be adiusted + /- 25 degrees per Vizcosity Graph
Aggregate Gradation Data

" s 1" Washed " Break v
Sieve Size Chips #4 Chips| C-Pile C-Pile Sand RAP B e
10.0% | 9.0% 7.0% 10,0% | 9.5% | S4.0% | 0.5% Gradutivn
1™/ 2 Sarem 100 100 100 100 100 100 100 100
347 1 9t 100 100 100 100 100 100 10e 100
172" 7 12, 5mn 74 100 100 100 100 93 100 94
308"/ 9, 5mm 24 79 100 100 100 85 100 82
No. 4 /4,7 Smm 2 3 76 86 a7 66 100 60
No. £/ 2 56amn | 1 Si 55 85 52 100 46
No.16/ 1.18mm 1 i 35 34 73 41 100 36
No. 30 / 600u | 1 26 20 43 11 100 26
Nov. 50 300us | 1 17 10 14 20 100 15
No. 100 ¢ | Siham 1 1 12 3 2 13 100 9
No, 200 / 750m 09 04 8.2 12 0.8 8.5 0.0 59

* Aggregare breakdown will be contralled by the Hor Plant dust control syrtes.
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Appendix B Field Projects Mix Design Summary Sheet

Table 47 Mix Design Summary Sheet for Project D3C3

SUMMARY OF PROPOSED JOE MIX FORMLUILA ]
METRIC M TARGET MAX  SFECS
1, Prroent Asphak by Weight of Total Mix.............. 5,13 E48 583
2. Percant Asphak by Waight of Agpregstes. .. ... 541 581 £ 47
3, Peroent Asphak by Weight of Total Mix (Added).... 4.80 4.88 5.00
4. Percant Asphall by 'Waight of Aggregates (Added). ... 475 515 =% |
E. Air \Voids, 3. .. . 5.0 &0 36 -5
. Vaids in lehaﬂi ﬁmrﬂﬂtﬂ [‘n.l'l'n.ll.n’-;l 1-!:. R 1T 14.5 1.4 14 mn.
7. Kilcgrams per Cubic Moier! pl:f. Z208 1422 1432.0 143.4
A, Max Thaa Klograms per Sube Meter § pef.. ... 235 145, 7 1480 148.8
4, Pakathve Dereily B2Gmm gD NMEE .oovien ar.4 98,0
10, Percant of Fracturg in Coarss Sg6-.......ccooee. ; SRS ESIBD
11. Flad & Elongated panicies in Coarse Agg. . : i 10 max
12, Sard Equivalent Tast ..o e : o 45 min
13, Voids Flled, Re.o.oo oo s sansssasan & T2 5 E5-75
14, PR B mss, MHEIOME, e e crerr orememsmeeeeem s meree a r] =)
15. Speclic Graviy of ASphaE. ... 1.032 1.0G2 1,032
16, Labaratory Mixing Temp, 205 e 160 =20 1 20
17. Labaratary Compaction Tamg, "E&F .. 144 Pt 292 g

18, Recommaendad Plar Mixng Termg, F..............
18, Compachsn Temrg Range, °F ..

33328 MA-328 313-328
JE0-AA  2E0-28&  200-258

20. NCAT Ignition Dven Carelabon F:l:lnr@ E-‘.'IEI' c... 033 ok 033
21. Fine Agoregate ANQUBSITTY. ... s i 448 45 45 min
22, Dus! I Asphait Ratio.. 1.0 0.8 0.8 A2
24, Flart mboad 5 uﬂmm:hmuﬂﬂ'ﬂ Qrafs.. ... : - 4625 -
2d. AP in Biend is /66% oll by Agg. Or B3%, by Mix : :
B-Cat Agpregate Cormedicn Faciors Spedfic & & Abmorption
Sieva Siras Target  MCat M-Cat Finia Coarss | el
Grad. dove.  Ave-Cor Spi Spia Epl
260 mim {17 A0 100 1] :
5.0 mim {347 10 10 0 Bulk 5pG | 2541 ] 2534 [ 2540 | Surface
125 mn {1527 o4 a7 [x] Arga i
B.5 miim {3457 an =] i : 5.42 m/Kg
4,75 men (Ma.4) 81 &3 o |euxsso| 287 | 2576 | asm 76,44 F'M
2.3 mrn (Mo.8) 48 48 a Spia
1,148 mn (Mo, 18] 34 38 1)
B0 L (40,300 23 24 0 | Appareni | 2635 | zaae | 257 |Effecive
200 um (Ma 50| 14 15 a Spii Spi of Aog.
150 wen (4O, 10} 7T 8 ] 2,583
75 um [Mo.200) 4.4 4.7 0 |aworpons] 14 | 18 | 14
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 48 Mix Design Summary Sheet for Project D3C4

SUMMARY OF PROPOSED JOBE MIX FORMULA

METRIC MIN TARGET MAX SPECS
1. Percant Ssphalt by Waight of Total Mix.............. .. 5.18 5.56 570
2. Percant Asphalt by Weight of Aggregates... . ........ 5AS 558 &.04
2. Percent Asphalt by Waight of Total Mix {Added)..... 468 5.08 5.20
4. Percent Asphalt by Welght of Aggregales [Audded), ., 485 5.38 5.53
T 5.0 4.0 a7 3-5
&, Woids in Menesal Aggregate (VMB), 2., 144 14.8 14.9 14 rrin
7. Kilograms par Cubic Meter fpef_. . 2338 1447 1454 145,86
&. Max Theo Kilograms per Cublc Meter / pof... ... . 2434 152.4 151.5 151.2
9. Relative Densily %Smm @ Mmax... ..o, a7 .2 = 96,0
10, Percent of Fractere in Coarse AGg....... oo 96/8T 8580
11. Flat & Elongated paricles in Coarse Agg, 1 10 e
12 Sand Equivalent Tast.. ... g2 4% min
13, Wokda Flllad, B oo v v e e e Gl 73 75 85-75
14, Film thicknass, MISrons. ... e e ceeaen ] 10 10
13, Spevific Gravity of Asphalt...............coooiiiis 1.032 1.032 1082
16. Labaratory Mixing Temp, "TPF o, 163 325 325 325
17. Labaratory Compachion Temp, *GRF. ... 143 280 200 280
18, Recommendad Flant Mizing Temp, 5F.. .. ........ 313-328  313-328 313-320
18, Comgpaction Temp Range, "F ... 280-20E 280-298 2E0-298
200 MCAT lgniticn Oven Correlation Faclor @ S38° G ..., 0.23 0.23 0.23
21. Fine Aggregabe Angularity. ... d5 45 45 45 min
22 Dust to Asphalk Ratio............... 1.1 1.0 1.0 A-16
23, Pland mized 5 vahss spacimen waight, grams... ... - ABEE
24 RAP in Blend is .51% nilbyﬁﬂ.ﬂr.m by Mix
M-Cat Aggregate Corfection Faclors Specific Gravity & Absorption
Sieve Gizes Target M-Cat M-Cat Fine Coawse | Combsned
Grad Avae, Ave.-Cor. SpG Epi3 EpE
25.0 mmi {17} 100 100 1]
19.0 mm {3047 100 100 0 BukSpG | 2571 | 2610 | 2501 | surtace
12.5 mm (1/27) b a8 1] Araa
5 mim {3/E7) BS B6 0 5.05 /Ko
4.75 mm (Mo.£) 54 56 0 |Buksso| zeos | 2841 | 2824 24,66 F¥'/ib
236 mim (Mo.8) £ g [ LSpis
1.18 mm (Mo, 16) 26 27 [1]
I600 urn (No.30) 18 18 0 | npparent | 2884 | 2894 | 2879 |Etective
300 um (No.50) 1 13 0 Spis 150G of Agg.
150 umn (Mo 100) [ 9 1] 2,645
75 um (Mo 200) £0 £.3 [V Apsorponw| 14 | 12 | 1.3
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Appendix B Field Projects Mix Design Summary Sheet

Table 49 Mix Design Summary Sheet for Project D3C5

—

ASPHALT CONCRETE MIX DESIGN

Paving Contractor: Central Paving
Asphalt Supplier. Western States Asphalt
Strpping Agents: MORLIFE 5000

Date: 3/28/2013
Class of Mxture: 3/4" SP4 (3 < 10)
Blended Grade of Asphalt PG 64-28
Virgin Grade of Asphalt: PG 58-34
Testing Performed By. D. Kilmer
Mix Design Specification. ITD

Project: SH-44, Linder Rd to Ballantyne Lane

l_AQgﬂate Sources. Ad-136¢

SUMMARY OF PROPOSED JOB MIX FORMULA

@ NONA wN

T T S S G G W G,
O @O~ hAWN 2O D

- Recommended Plant Mixing Temp, °F.._...... ...
. Compaction Temp Range, °F ..........................

METRIC MIN  TARGET MAX  SPECS
Percent Asphalt by Weight of Total Mix.................. 440 472 512
. Percent Asphalt by Weight of Aggregates............. 460 4.95 540
. Percent Asphalt by Weight of Total Mix (Added). ... 3.08 338 378
. Percent Asphalt by Weight of Aggregates (Added)...... 319 3.54 399
AT N NI e co v W58 o w98 ik w e e s R G0 €4 50 4.0 30 35
Voids in Mineral Aggregate (VMA), %. 139 138 136 13 min
Kilograms per Cubic Meter / pef.............. ... 2346 1453 1460 1468 -
Max Theo Kilograms per Cubic Meter / pef............. 2445 152.9 1522 151.3
Relative Density %Gmm @ Nmax........... ... e RO (T 97.2 =980
. Percent of Fracture in Coarse Agg.................... 95/96 85/80
. Flat & Elongated particles in Coarse Agg. 0 10 max
. Sand Equivalent Test.... ............. 65 45 min
. VOIS FIIRA, %0... 1ieenceecsvesnnnrenrmsrnnsenrrsrrnrrens sarees 71 78 60-80
. Film thickness, miCrons.................... e iieeeesees e 9 10
. Specific Gravity of Asphalt ... ............ccoooii 1.027 1.027
. Laboratory Mixing Temp, °CF ..o 322 322
. Laboratory Compaction Temp, °C/°F........c.coee...e. 299 299

317-326  317-326 317-326
295-303  295-303 295-303

20. NCAT Ignition Oven Correlation Factor @ 538°C......... 0.22 022 0.22
21. Fine Aggregate Angulanty.............c.ccoeevevviainnnn a7 47 47 45 min
22. Dust to Asphalt Ratio.. . . ... 12 12 11 0717
23. Plant mixed S value specimen weight, grams..._.. - 4725 >
24_RAP in Blend is 1.41% oil by Agg. Or 1.34% by Mix E ]
N-Cat Correction Factors Specific Gravity & A tion
Sieve Sizes Target N-Cat N-Cat RAP Gsb 2.580
Grad, Ave. | Ave.-Cor. =4
250 mm (17) 100 100 0 Fine Coarse Cambired
19.0 mm (3/4") 100 100 0 s 8 spG w RAP| Surface
12.5 mm (1/2") 84 84 o | s RN B ot Area
9.5 mm (3/8") 70 71 0 Butk D 2602 | 2587 | 2592 4.89 m*Kg
4.75 mm (No.4) 46 48 0 P e A 23.84 F¥fib
2.36 mm (No.8) 32 34 0 Bulk ssp| 2. 623 I 2 615 I 2. 619
1.18 mm (No.16) 24 25 0 JOOVURSNES TR 4 SR %4
600 um (No.30) 17 19 0 ﬁggg[ent [ 2657 l 2662 | 2 eso Effective
300 um (No.50) 11 12 0 ST e T 1SpG of Agg
150 um (No. 100) 7 8 0 FIRNAES s L g 2625
75 um (No.200) 49 5.3 0 |assoption 5 08 | 11 [ 1.0
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Table 50 Mix Design Summary Sheet for Project D6C1

Aggregate Data
Sieve | . . . . Blended | -
| Sizes (Stockpile RAP| Stockpile A | Stockpile B Stockpile C Eml::l-q::lla CJMF Limits
§ = 15% 20% 250 400% Gradation
1 100 100 100 100 100
e 100 B3 100 100 og i
1/2" B3 16 o1 100 80 -
ag" B85 3 45 100 65 '
4 61 1 2 T8 41 |
#8 43 1 1 54 . 29 |
il 33 1 1 413 | iy |
I 1 1 28 | 16 |
wal 23 1 1 19 | 12 i
#1300 15 1 1 | 12 B |
| w200 | 78 0.7 05 | &0 g
Agg. Data_ Combined
Bulk Sp. G | 2613
Mix Data
AC Content (Wt Of Mix) 3.8 4.3 4.8 5.2
Bulk Specific Gravily 23132 2.345 2,369 2382
Bulk Density (Ib/ft’) 145 146.0 147.4 14%.3
Maximum Specific Gravicy | 2484 2466 2448 2,434
Maximum Density (Ib/ft") 154.6 153.5 152.4 151.5
%o Adr Voids a.1 49 32 21
WhiA % 14.1 4.1 13.7 13.6
Design Values ~ Min il_':f_m_'get | Max Job Specs
il Content by Weight of Mix % 426 | 455 | 474
il Content by Weight of Aggregate % 445 | a7 4.98 -
Oil Content by Wt of Mix % (Added) 0.90 136 363 3.54
Oil Content by Wt of Age % (Added) 0.91 1.54 306 4.07
Air Vouds % 50 4.0 14 1.5
Bulk Density (Th/ft') - 145.9 1468 147.3
Maximum Density (Ib/ft') 1535 | 1520 | 1525
VMA % 14.1 138 | 137 L3imin
VFA % 65 | 91 75 65-75
DP 09 | 0612 |
% GMM @ Nmax P 971 1 98.0
Siripping Evalustion Lo 85 min
| Mixing Temperature {"F) 320 316-3129
Compaction Temperature (°F) - 290 284-302
| Ignition Oven Correction Factor (%) 338 (.05 -
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Appendix C Sensitivity of Monotonic Indicators to Binder Content and PG

Appendix C
Sensitivity of Monotonic Indicators to Binder Content and PG

Grerure [1DT] (J/m?)

Sensitivity to binder grade Sensitivity to binder content
12000 12000
5.75% PG 70-28 PG 58-34
5.00%
10000 | 4 10000
8000 B som0
5
=
a
6000 B 6000
H
&
4000 I 4000
2000 2000
)| LD ) ] o] | fe =] | L] o | (9] | @
0 p LS | e
PG38-34.  PGT0-28.  PG38-34,  PG70-28,  PGS8-34,  PGT70.28, PG70-28, PGT0-28, PGT0-28, PG38-34, PG38-34, PGIE-34,
4.25% 4.25% 5.00% 5.00% 5.75% 5.75% 425% 5.00% 5.75% 425% 5.00% 5.75%
Project T ProjectID

Figure 138 Sensitivity of Total Fracture Energy from IDT Test for PG and Binder Content Giracture (IDT)

Gfracture [SCB- F1] (J/m2)

Sensitivity to binder grade Sensitivity to binder content
3000 T 3000
5.75% PG 70-28 PG 58-34
5.00%
2500 125, I 2300
2000 g 2000
5
s =
1500 m 1500
¥}
=,
£
1000 £ 1000
"
500 300
)R L] L] ] ] e o] | [o] | [9]
0 g L et | Seess | | — = |
PG38-34,  PG70-28,  PG38-34,  PGT0-28,  PG38-34,  PGT0-28, PGT70-28, PG70-28. PGT0-28. PG3S-34. PGIE-34. PGIS-34
425% 1.25% 5 00% 500 % 5 750 5 759 425% 5.00% 5.73% 425% 5.00% 5.75%
Project T ProjectID

Figure 139 Sensitivity of Total Fracture Energy from SCB-FI Test for PG and Binder Content
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Development and Evaluation of Performance Measures to Augment Asphalt Mix Design in Idaho

Sensitivity to binder grade

Sensitivity to binder content

1200 T 1200
5.75% PG 70-28 PG 58-34
5.00%
1000 1000
4.25% I I
- 5
g 800 £ %00
bt I
g =)
— s00 2 600
I~
o I ¥}
400 400
200 200
[ LN GT L o] | [ ] o] | 2]
0 0
PG58-34, PG38-34, PGT0-28, PGSS-34, PG70-28., PGT0-28. PGT0-28, PG38-34, PG3S-34, PGI8-34,
4.25% 5.00% 5.00% 5.75% 425% 5.00% 5.73% 425% 5.00% 5.73%
Project ID ProjectID
Figure 140 Sensitivity of CRI from IDT Test for Binder Grade
Sensitivity to binder grade Sensitivity to binder content
1200 T 1200
5.75% PG 70-28 PG 58-34
5.00%
1000 L2 I I 1000
= 800 I B 00
" =
A 3]
! w
z E 600
— 600
o=
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400 400
200 200
[ R B L] [] | e pjiolie
0 0
PGS8-34.  PGTO-28,  PGS8-34,  PGT0-28,  PGSS-34,  PGT0-28, PGT70-28, PGT0-28, PGT0-28, PG38-34, PG38-34 PG-34
4.25% 425% 5.00% 5.00% 5.75% 575% 425% 5.00% 5.75% 425% 5.00% 5.73%
Project ID ProjectID

Figure 141 Sensitivity of CRI from SCB-FI Test for PG and Binder Content
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Appendix C Sensitivity of Monotonic Indicators to Binder Content and PG

Sensitivity to binder grade

Sensitivity to binder content

80 T 20
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Figure 142 Sensitivity of Fl from IDT Test for PG and Binder Content
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Figure 143 Sensitivity of Fl from SCB-FI Test for PG and Binder Content
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Sensitivity to binder grade Sensitivity to binder content
300 T 300
5.75% PG 70-28 PG 58-34
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Figure 144 Sensitivity of IDEAL-CTingex from IDT Test for PG and Binder Content
Sensitivity to binder grade Sensitivity to binder content
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Figure 145 Sensitivity of Nflex from IDT Test for PG and Binder Content
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Appendix C Sensitivity of Monotonic Indicators to Binder Content and PG

Sensitivity to binder grade

Sensitivity to binder content
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Figure 146 Sensitivity of IDTsengtn from IDT Test for PG and Binder Content
Sensitivity to binder grade Sensitivity to binder content
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Figure 147 Sensitivity of IDTmoduus from IDT Test for PG and Binder Content
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Sensitivity to binder grade

Sensitivity to binder content

0.60 0.60
| s75% | rcroas | | possas |
5.00%
0.50 I 425% 050
0.40 040
E 030 'j 030
& - Pt
B =
0.20 —— 020
0.10 010
0.00 0.00
PGS8-34,  PGT70-28,  PGS8-34,  PGT0-28,  PG38-34,  PGT0-28, PGT0-28,  PGT0-28,  PGT70-28,  PGS8-34,  PGS8-34,  PGS8-34,
4.25% 4.25% 5.00 % 5.00 % 5.75% 5.75% 4.25% 5.00% 5.73% 4.23% 5.00 % 5.75%
Project ID Project ID
Figure 148 Sensitivity of J. from IDT Test for PG and Binder Content
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Figure 149 Sensitivity of Weibullcr from IDT Test for PG and Binder Content
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Figure 151 Correlation between Ggracture (SCB) with Field Project Performance
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Figure 154 Correlation between CRI from Computed from SCB Test with Field Project Performance
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Figure 155 Correlation between Corrected CRI Computed from IDT Test with Field Project Performance
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Figure 157 Correlation between Fl from Computed from SCB Test with Field Project Performance
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Figure 158 Correlation between Corrected FI Computed from IDT Test with Field Project Performance
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Figure 159 Correlation between Corrected Fl from Computed from SCB Test with Field Project
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Figure 162 Correlation between Nflex from Computed from SCB Test with Field Project Performance
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Figure 164 Correlation between Corrected IDTstrength from Computed with Field Project Performance
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Figure 166 Correlation between Corrected IDTmoduius from Computed with Field Project Performance
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Figure 167 Correlation between J. with Field Project Performance
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Figure 169 Correlation between Weibullcr with Field Project Performance
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