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CHAPTER 1 INTRODUCTION
BACKGROUND AND OBJECTIVES

Pavement skid resistance is critical for public safety in wet-weather conditions. Crashes on wet
pavements are related to inadequate pavement skid resistance. To improve pavement skid
resistance, the use of Surface Aggregate Classification A (SAC-A) aggregate has increased
significantly each year to meet the friction demand of pavements. This demand will be even
greater as the population of Texas grows and the likelihood of wet-surface crashes and fatalities
increases. It is important for the Texas Department of Transportation (TXxDOT) to develop
specifications, methods, and means to conserve the existing SAC-A resources. TXDOT
specifications allow for the use of reclaimed asphalt pavement (RAP) to conserve natural
resources and save costs. The use of RAP will only increase since both TXDOT and the industry
are proponents of using recycled materials. The unknown is the contribution of RAP to the skid
resistance and friction of the pavement surface, especially when pavements constructed with
SAC-A are reclaimed and used for production. These RAP materials may potentially help reduce
the need for SAC-A aggregates. Intuitively, RAP must have some contribution to friction, but
this contribution has not been evaluated and quantified.

The main objectives of this project were to:

e Determine the potential of conserving SAC-A resources by using RAP.
e Develop the Surface Aggregate Classification (SAC) rating for RAP.
e Develop guidelines for using RAP in surface mixes to enhance skid resistance.

During this project, the researchers conducted field evaluations, RAP and raw aggregate
characterization, RAP mixture design, and RAP mixture slab testing. These investigations
focused on the skid resistance and texture of aggregates, mixtures, and pavement surfaces. Based
on the research results and findings, the researchers determined the potential of using RAP to
conserve SAC-A resources and evaluated the impact of RAP on mixtures’ skid resistance.
Preliminary criteria and guidelines were developed for using RAP in surface mixes to meet skid
requirements. The rationale, description, and application of the criteria and guidelines are
presented in this document.

REPORT ORGANIZATION
This report is organized into the following seven chapters:

e Chapter 1: Introduction, with a brief description of the project background, objectives,
and report organization.

e Chapter 2: Review of the current state of the knowledge and practice of using RAP in
surface mixes.

e Chapter 3: Field evaluation of skid problems reported by districts to evaluate the
pavement field surface friction numbers and textures, find the relationship among these
surface characteristics, and identify the potential cause of the low skid numbers.



Chapter 4: Assembly and characterization of RAP materials to identify the cause of the
low skid numbers when good quality materials were used and determine if RAP was a
contributing factor.

Chapter 5: Laboratory evaluation of the impact of RAP on the skid resistance of asphalt
mixtures. The overall purpose was to study the impact of RAP on the skid resistance of
asphalt mixes and to use this information to develop the SAC rating for RAP materials.
Chapter 6: Preliminary criteria and guidelines for using RAP in surface mixes to enhance
skid resistance.

Chapter 7: Conclusions and recommendations.



CHAPTER 2 REVIEW OF CURRENT STATE OF THE KNOWLEDGE
AND PRACTICE

Traffic-related accidents are detrimental to the U.S. economy. The National Highway Traffic
Safety Administration (NHTSA) indicated that the total cost due to traffic crashes in 2014 was
estimated at $242 billion (NHTSA 2014). In 2015, the estimated number of traffic fatalities
increased to 35,200, about 7.7 percent higher than the fatalities reported in 2014 (NHTSA 2016).
Research has shown that 15 to 18 percent of total crashes occur on wet pavements (Smith 1977;
Federal Highway Administration [FHWA] 1990). Crashes on wet pavements are related to
inadequate pavement skid resistance during braking and maneuvering when frictional demand
exceeds the friction force developed at the tire-road interface. To improve pavement skid
resistance, the use of SAC-A aggregate has significantly increased each year to meet the friction
demand of pavements. The 2019 forecast for the demand of SAC-A aggregates will be over

1.9 million tons and will more than likely increase in the upcoming years. This demand will be
even greater as the population of Texas grows and the likelihood of wet-surface crashes and
fatalities increases.

TxDOT specifications allow for the use of RAP. The use of RAP in pavements is desirable since
it offers both economic and environmental benefits. When properly designed and constructed,
pavements including RAP can perform as well as or better than pavements constructed from
virgin materials. However, there are two concerns when using RAP in pavement surface courses.
One is friction resistance, which is the primary concern in many states. The other concern is the
possibility that using too much RAP (or the RAP being too stiff) could over-stiffen the surface
course, making it more susceptible to cracking or raveling. Both concerns are highly related
because RAP is typically removed from old roadways and may contain different types of
aggregates, binders, patches, chip seals, etc., all intermingled in one stockpile. When properly
processed and stored, however, the variability of RAP can be controlled and may not be as high
as perceived. Especially when pavements constructed with SAC-A are reclaimed and used for
production, intuitively there must be some contribution to friction, but this contribution has not
been evaluated and quantified. Suppose this effect or contribution to pavement friction can be
evaluated and quantified. In that case, the use of fractionated RAP will help reduce the risk of
negative effects on pavement friction and help reduce the need for new SAC-A aggregates.

This chapter reviews the current state of the knowledge and practice of surface aggregate
selection, friction/skid resistance measurements, the use of RAP in surface mixtures, and the
impact of RAP on skid resistance.

TEXAS SURFACE AGGREGATE SOURCES AND SPECIFICATIONS
Texas Aggregate Source
As seen in Figure 2-1, there are relatively few sources of SAC-A aggregates inside Texas.

TxDOT needs to develop specifications, methods, and means to conserve the existing SAC-A
resources.
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Figure 2-1. SAC-A Source Distribution.

TxDOT Surface Aggregate Selection

TxDOT maintains a program during surface aggregate selection to ensure that pavements with
good skid-resistant characteristics are used. This program is referred to as the Wet Surface Crash
Reduction Program. It consists of three separate phases, Phase I: Wet Surface Crash Data
Analysis, Phase I1: Aggregate Selection, and Phase I11: Skid Testing. As a first step in the
aggregate selection, the pavement engineer must determine the overall friction demand (low,
moderate, or high) on the roadway surface according to the annual crash reports published by the
Traffic Operations Division. The next step in the aggregate selection process involves matching
the overall frictional demand with an appropriate surface aggregate classification. Frictional and
durability indicator tests (such as polish value, soundness, acid insolubility, and Micro-Deval)
are used to classify the aggregates. For example, Table 2-1 lists the SAC classification criteria.
The Soils and Aggregates Section of the Construction Division is responsible for using the
aggregate classification criteria and listing the results in the Bituminous Rated Source Quality
Catalog (BRSQC) every six months. The third step consists of skid analysis and will include a
mandatory collection of skid data that will become part of the new Pavement Management
Information System.



Table 2-1. SAC Classification Criteria.

Property Test Method SAC-A SAC-B SAC-C
Acid-insoluble residue, % min Tex-612-J 55 — —
5-cycle Mg, % max Tex-411-A 25 30 35
Crushed faces, 2 or more, % min Tex-460-A 85 85 85

Note: — means not applicable.

Figure 2-2 shows the TXDOT surface aggregate selection guidelines in TXDOT Form 2088,
including the factors and criteria used to determine total frictional demand and total friction
available. To meet the requirement, the total friction available should always exceed the total

friction demand.

Selection Guidelines for Bituminous Surface Aggregate Classification (SAC) DE::';I':‘HE[?.S
L Low Moderate High
Demand for Friction 1 2 3
(1) 2) (3)
Rain Fall {inches/year) =20 =20 =40 =40
Traffic (ADT) =5000 =5000 =15,000 =15,000
Speed (mph) =35 =35 =60 =60
Trucks (%) =8 =8 =15 =15
Vertical Grade (%) =2 =2 =5 =5
Horizontal Curve (2) =3 =3 =7 =7
Driveways (per mile) =5 =5 =10 =10
Interzecting Roadways (ADT) =500 =500 =750 =750
Wet Surface Crashes (%) =5 =53 =15 =15
Summary of Total 0
Frictional Demand
_ L Low Moderate High
*Awvailable Friction 2 (5) (8) 2 5 8
Cross Slope (%) =2 2-3 3-4
Surface Design Life (years) =10 =5 =10 =5
Fine Medium Coarse
Macro Texture {Such as: {Such as: J?é“'éﬁ
of proposed surface HMAC Type T HMAC Type 'C', CMHB, Seal Coat.
and 'F) SuperPave, Microsurface) NovaChip)
Aggregate MicroTexture SACC SACB SAC A
Summary of Total 0
Friction Available
Does total available friction equal or exceed total frictional demand? | Yes Mo

Figure 2-2. TXxDOT Surface Aggregate Selection Guidelines.

RAP CHARACTERISTICS AND IMPACT ON SURFACE MIXTURES

Raw RAP is typically generated by two methods, milling from surface layers or removing from
full-depth hot-mix asphalt (HMA) layers. These materials are processed by crushing, sieving,
and stockpiling. By crushing or screening the raw RAP, the material is mixed and oversized
materials are removed. Storing processed RAP under a covered roof is recommended to avoid
excessive moisture and reduce fuel consumption. Many investigations (Solaimanian and
Kennedy 1996, Stroup-Gardiner and Wagner 1999) have shown that high variability in RAP
material greatly affects the variability of the asphalt content, the gradation of the product



mixture, and the percentages of dust. The screening processes can reduce the amount of aged
binder on the fine aggregate or dust (Mayes et al. 1998). Therefore, the processed RAP can be a
consistent product (Nady 1997).

Figure 2-3 shows the average percentage of RAP used in HMA/warm-mix asphalt (WMA)
mixtures in each state by construction season according to the National Asphalt Pavement
Association survey (Williams et al. 2019).
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Figure 2-3. Average Percentage of RAP Used in HMA/WMA Mixtures in Each State
(Williams et al. 2019).

The Mississippi Department of Transportation funded the laboratory investigation of high RAP
content pavement surface layers carried out by Jesse D. Doyle and Isaac L. Howard in 2010.
This research aimed to examine the possibility of decently high (= 25 to 50 percent) RAP content
WMA as surface blends and overlays. One of the tasks performed was to test frictional resistance
and surface texture of mixtures with varying RAP content fabricated with the linear asphalt
compactor. To assess the potential impacts on skid resistance by incorporating high quantities of
RAP in surface blends, three blends were tried that included 0, 50, and 100 percent RAP. One
factor analysis of variance tests were performed to assess the importance of RAP levels to
estimate pavement friction. RAP was not found to have a statistically significant effect on
pavement friction parameters at a 95 percent confidence level for both response variables (Doyle
and Howard 2010).

In 2012, the Joint Transportation Research Program (JTRP) project supported by Indiana DOT
and Purdue University evaluated the impact of RAP on pavement surface frictional properties
(McDaniel et al. 2012). In this study, the laboratory-fabricated RAP and the field-sampled RAP
were mixed with surface mixtures at different RAP percentage levels. The laboratory testing
showed that the addition of poor-quality RAP materials did impact the friction properties and
cracking resistance of the mixtures, but that lower amounts of RAP had little effect. The
frictional performance of the laboratory-fabricated and field-sampled RAP materials were
acceptable at a content of 25 percent but were questionable at 40 percent.



One research study was carried out by Greg White (2019) to quantify the impact of RAP on
airport asphalt surfaces in Australia. This research created two diverse asphalt blends with and
without RAP. All asphalt blends were intended to be thick reviewed and Marshall-planned

14 mm ostensible nominal maximum aggregate sized. The RAP of the first mixture was
recovered from texturing of the underlying layer and removal of temporary ramps and was used
to surface a runway catering up to the B737-800-sized aircraft. The RAP of the second mixture
was recovered from the removal of temporary ramps and was used to surface a runway
accommodating turboprop and regional jet aircraft. Friction testing was performed along the full
length of the runway surface developed with the first mixture at two speeds: 65 km/hr and

95 km/hr. The friction testing results indicated that the addition of RAP was associated with a
significant reduction in the measured surface friction at both 65 km/hr and 95 km/hr test speeds.
For example, the 95 km/hr average friction result decreased from 0.55 to 0.47 where RAP was
included. The reduction in friction was observed despite the measured surface texture being
unaffected.

In Spain, another research study was conducted by José Manuel Lizarraga et al. (2018) to
evaluate the mechanical performance, in laboratory and in-situ, of two mixtures containing high
RAP contents (70 percent and 100 percent). Both mixtures presented similar skid resistance
values to those obtained in the conventional HMA mixture. In general, the 70 percent RAP
mixture exhibited the highest percentage of skid resistance (64 percent) four months after
compaction of the mixtures. This result can be attributed to the mixture produced with the coarse
RAP fraction obtained from the in-service road pavement sections. The polished stone values
could have been higher than those exhibited by the RAP obtained from the urban test section.

AGGREGATE PROPERTIES AFFECTING PAVEMENT SKID RESISTANCE AND
CORRESPONDING LAB TESTS

The following describes the aggregate (raw aggregate or RAP aggregate) properties that affect
pavement skid resistance.

Polish Resistance

Polish resistance refers to the ability of the aggregate to maintain its microtexture after it is
subjected to repeated traffic loadings. The most common methods used to evaluate the polish
resistance include the polished stone value (PSV) test and the acid-insoluble residue (AIR) test.
In the PSV test, the aggregate is polished by an accelerated polishing machine, and then the
aggregate surface friction is measured using a British pendulum. The AIR test is performed to
measure the noncarbonate ingredients of the aggregates, which contribute to aggregate
resistance. The procedures to determine the polishing procedures are stipulated in the American
Society for Testing and Materials (ASTM) E303-93 (ASTM 2018) and Tex-438-A (TxDOT
1999a). The protocols, ASTM standard D3042-17 (ASTM 2017a) and Tex-612-J (TxDOT
2000), provide the guidelines for determining the AIR of a given aggregate sample. Values of 30
to 35 for the PSV test and 50 to 70 percent for the AIR test are recommended to ensure sufficient
frictional resistance.



Abrasion Resistance

Abrasion resistance refers to the ability of aggregates to resist mechanical degradation. The
Micro-Deval and Los Angeles (LA) abrasion tests are used to evaluate the abrasion resistance of
the aggregates. The Micro-Deval test consists of a container with small steel balls, and the
aggregate, with the presence of water, is polished in the rotating container. Also, the LA abrasion
test is used to measure the coarse aggregate resistance to degradation by inserting the aggregate
and large steel balls into a rotating drum (American Association of State Highway and
Transportation Officials [AASHTO] T96 [AASHTO 2019], ASTM C131 [ASTM 2017b] or
Tex-410-A [TxDOT 1999b]). Values of losses less than 17 to 20 percent for the Micro-Deval test
and 35 to 45 percent for the LA abrasion test are recommended to provide sufficient frictional
resistance.

Soundness

The soundness of aggregates can be defined as the ability to resist degradation due to climatic
and environmental factors such as thawing, freezing, wetting, and drying. Test guidelines are
stipulated in AASHTO T104 (AASHTO 2020a), ASTM C88 (ASTM 2017c), or Tex-411-A
(TxDOT 1999c). The soundness is quantified using the magnesium sulfate soundness test by
quantifying the loss percentage of aggregates after cycles of hydration-dehydration. Loss
percentages ranging from 10 to 20 percent are typical and provide adequate frictional
performance.

Angularity, Texture, and Form

Aggregate shape characteristics, including angularity, texture, and form, are essential parameters
in pavement skid resistance. The coarse and angular aggregates provide higher pavement friction
than flat and elongated aggregates. Also, an aggregate with a rough surface provides higher
friction than an aggregate with a smooth surface. The Aggregate Imaging System (AIMS) is used
to quantify aggregate shape characteristics (Masad et al. 2010). Also, other methods, including
laser-based aggregate analysis systems, are used to perform the same function. For example, the
recently developed Aggregate Ring Texturing System (ARTS) uses the line laser to measure
both the microtexture of the same ring-shaped specimens prepared for Dynamic Friction Tester
(DFT) evaluation (Arambula et al. 2018).

EFFECTS OF PAVEMENT SURFACE TEXTURE ON SKID RESISTANCE

Today, it is generally agreed that the pavement friction property depends on both macro- and
microtexture. An international standard for road surface texture terminology has been established
by the Technical Committee on Surface Characteristics of the World Road Association’s
Permanent International Association of Road Congress (PIARC), as follows:

e Megatexture: Wavelength 50 mm to 500 mm (2 to 20 inches).
e Macrotexture: Wavelength 0.5 mm to 50 mm (0.02 to 2 inches).
e Microtexture: Wavelength 0.1 mm to 0.5 mm (0.0004 to 0.02 inches).



If both macro- and microtexture are maintained at high levels, they can provide enough
resistance to prevent wet accidents. In wet conditions, water acts as a lubricant between the tires
and pavement surface, leading to reduced friction (Dahir 1978). The macrotexture of pavement is
dependent on aggregate gradation, compaction level, and mixture design, while the microtexture
is dependent on aggregate shape characteristics (Crouch et al. 1995).

Skid resistance has two mechanisms—adhesion and hysteresis—as shown in Figure 2-4. These
two mechanisms are highly affected by pavement macrotexture and microtexture. Adhesion
develops due to the direct contact between the tires and pavement surface, especially in areas
with high local pressure (Cairney 1997). Pavement microtexture is significant to the adhesion
component that originates from molecular bonds between stone and rubber. In addition,
pavement macrotexture contributes to the hysteresis component of friction (lvey et al. 1992).
Hysteresis develops due to energy dissipation caused by the deformation of the tire’s rubber
around bulges and depressions in the pavement surface (Cairney 1997).
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Figure 2-4. Key Mechanisms of Tire-Pavement Friction (Hall et al. 2009).

Adhesion and microtexture affect skid resistance at all speeds, and they have a prevalent
influence at speeds below 30 mph. Hysteresis and macrotexture have little significance at low
speeds; however, macrotexture is an essential factor for safety in wet conditions as speed
increases (Galambos et al. 1997).

Hogervorst (1974) showed that the reduction in skid resistance is associated with vehicle speed
and depends on pavement microtexture and macrotexture (Figure 2-5). The study results showed
that skid resistance decreased with increased vehicle speed, and pavements with coarse and
rough surfaces provide better skid resistance than fine and polished surfaces.
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Figure 2-5. Change in Pavement Friction with Speed (Hogervorst 1974).
PAVEMENT TEXTURE MEASUREMENTS

There are several methods used for quantifying the macrotexture of asphalt pavements. These
methods include the circular track meter (CTM), sand patch, stereophotogrammetric, and laser-
based (or electro-optic) techniques.

CTM Device

The CTM device is used to measure the mean profile depth (MPD) in the field and laboratory
(Figure 2-6). The device has a charge-coupled laser displacement sensor attached to an arm. The
arm rotates in a circle with a diameter of 28.4 cm. The laser sensor can collect 1,024 data points
per round. The average MPD is calculated and reported according to the ASTM E2157 (ASTM

2015a).

Figure 2-6. CM Device.
Sand Patch Method

The sand patch method is used to quantify the macrotexture of the pavement surface by
measuring the mean texture depth (MTD) following ASTM E1845 (ASTM 2016). The sand
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patch method includes a brush for cleaning the surface, a cup and spreading tool to distribute the
sand, and a scale tape (Figure 2-7). An amount of 100 g of sand is used in each test. The sand
sample should pass through a No. 30 sieve and be retained in a No. 50 sieve. The sand is spread
in a circle on the pavement surface, and the circle's diameter is measured. The MTD is
determined using Equation 2-1 as a function of sand volume and the diameter of the sand patch.

4 -
MTD = 31207 (2-1)

where

MTD = mean texture depth (mm).

D = average diameter of sand patch circle (cm).

\Y = sand volume (cm?; weight of sand/density of sand).

-------

Figure 2-7. Sand Patch Method (Sarsam et al. 2015).

Stereophotogrammetric Technique

This technique is based on a three-dimensional (3D) measurement of pavement surface texture.
The 3D images indicate physical changes to the pavement surface that cannot be accurately
quantified using two-dimensional (2D) profiles. The changes in the aggregate surface due to the
polishing process can be observed and quantified using 3D measurements (Dunford 2013).
Stereophotogrammetry relies on taking various images from different angles to estimate the 3D
coordinates of a point. Close-range photogrammetry is a version of stereophotogrammetry that
uses an ordinary camera to take various images from different angles to construct the 3D profile.
Previous research demonstrated that this technique could be used to quantify the macrotexture,
microtexture, and megatexture (McQuaid et al. 2014). Figure 2-8 shows the pavement 3D image
obtained from stereophotogrammetric techniques.
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Figure 2-8. 3D Pavement Surface from Stereophotogrammetric Technique (Mustaffar et al.
2004).

TTI Laser Analyzer for Pavement Surface Device

Most recently, the Texas A&M Transportation Institute (TTI) developed a device called the
Laser Analyzer for Pavement Surface (LAPS) during National Cooperative Highway Research
Program (NCHRP) Project 10-98 to measure both the macrotexture and microtexture of the
surface. Figure 2-9a shows the device on an open-graded friction course pavement surface in
front of a marking tape on the ground. The bar length is around 1500 mm, and the effective
width of the laser line is around 50 mm. The laser head travels along the bar, thus by one pass of
the laser head, the laser-measured area is 1500 mm x 50 mm. Figure 2-9b shows the
corresponding measured profile in 3D plots. In NCHRP Project 10-98, the LAPS-measured data
were used as a reference to validate the other high-speed laser measurements. The LAPS can
determine both macro-MPD and micro-MPD values.

12
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PAVEMENT FRICTION/SKID RESISTANCE MEASUREMENTS

Several devices are used to measure skid resistance in the field, and some of them can be used in
both the field and laboratory.

Locked-Wheel Skid Trailer

Wet pavement friction measurements can be obtained by using the towed friction trailer
according to ASTM E274 (ASTM 2020a). The ASTM towed friction trailer allows two types of
tires for friction evaluations, including the Standard Rib Tire for Pavement Skid-Resistance Test
ASTM E501 (ASTM 2020b) and Standard Smooth Tire for Pavement Skid-Resistance ASTM
E524 (ASTM 2020c).

The skid number (SN) is calculated using the following equation:

F
SN = (£) + 100 (2-2)
where
SN = skid number.
F = friction force.
N = normal (vertical) load on the test tire.

The skid trailer (Figure 2-10) is an appropriate method in terms of accuracy and safety.
However, the data cannot be collected continuously, and the skid trailer cannot measure the low
friction accurately. When using the skid trailer, water is sprayed in front of the left wheel, and
the left wheel is locked while the truck is traveling at a certain speed (e.g., 50 mph for Texas).
The friction force that resists the tire's rotation is measured (Masad et al. 2010).

Figure 2-10. Locked-Wheel Skid Trailer.
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DFT

The DFT is used to measure the coefficient of friction ASTM E1911 (ASTM 2019). This device
consists of a circular disk with three rubber pads (Figure 2-11). The circular disk rotates up to
100 km/h. Once the disk reaches the specified speed, the disk is lowered to the pavement surface,
and the coefficient of friction is measured as the speed of the rotating disk gradually decreases.
The pavement microtexture is quantified by the value of the coefficient of friction at 20 km/h
(DFT20). Note that the DFT can also be used on lab-fabricated slabs and aggregate rings to
measure the coefficient of friction.

Figure 2-11. DFT Equipment.
FRICTION AND SKID RESISTANCE MODELS

Measurements, MPD and DFT2o, from the CTM and DFT, are used to calculate the International
Friction Index (IFI) according to ASTM E1960 (ASTM 2015b). The IFI was developed in the
PIARC International Experiment to Compare and Harmonize Texture and Skid Resistance
Measurements. The index allows for harmonizing friction measurements with different
equipment to a common calibrated index. The IFI consists of two parameters that report the
calibrated wet friction at 60 km/h (F60) and the speed constant of wet pavement friction (Sp), as
shown below. A significance of the IFI model is that the measurement of friction with a device
does not have to be at one of the speeds run in the experiment. Thus, the model still works well if
a device cannot maintain its normal operating speed and must run at a higher or lower speed
because of traffic.

—40

F60 = 0.081 + 0.732DFT,5e 7 (2-3)
Sp =142+ 89.7MPD (2-4)
where
F60 = calibrated wet friction number at 60 km/h.
Sp = speed constant (gradient) of wet pavement friction.

MPD = mean profile depth.
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DFT2 = wet friction number measured at the speed of 20 km/h.

Other prediction models for friction and skid resistance of asphalt pavements are described
below.

Masad et al. (2007) developed a method to evaluate the change in the asphalt pavement skid
resistance depending on aggregate texture, properties of mixtures, and environmental conditions.
This method relies on using the Micro-Deval test and AIMS to evaluate the resistance of
aggregates to polishing and abrasion. In 2010, Masad et al. conducted a study that included
measurements in the field and laboratory. Several slabs with different asphalt mixtures and
aggregate types were prepared and tested in the laboratory. Three mixture designs (Type C,
Type D, and porous friction course [PFC]) were evaluated. The mixtures were prepared and
compacted in a special metal mold using a vibrator roller compactor, as shown in Figure 2-12a.
The researchers evaluated the friction at three different locations on a single test slab

(Figure 2-12b). The three-wheel polishing machine (Figure 2-12c) was used to polish the test
slabs, and the measurements of the friction and MPD were collected using the DFT and CTM
(Figure 2-12d) after different polishing cycles (5,000, 10,000, 20,000, 35,000, 50,000, 75,000,
and 100,000). The British pendulum test and the sand patch method were also used in this study.
Masad et al. (2010) found that the change in the calculated IFI (F60) with the polishing cycles
based on the MPD and DFT2o measurements could be described by the following equation:

IFI (N) = amix + binix * e (" Cmixl) (2-5)
where
Amix = terminal IFI value for the mix.
amix + Dmix = initial IFI value for the mix.
Cmix = rate of change in IFI for the mix.
N = number of polishing cycles in the laboratory.
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Figure 2-12. Laboratory Experiments: (a) Walk-Behind Roller Compactor, (b) Test Slabs,

(c) Three-Wheel Polishing Machine, and (d) DFT and CTM Measurements (Masad et al.
2010)

Kassem et al. (2013) conducted a study to validate the IFI models developed by Masad et al.
(2010). Square-shaped slabs were prepared in the laboratory using three different aggregates
(Limestone 1, Limestone 2, and sandstone), and four asphalt mixture designs (Type F, Type C,
stone-matrix asphalt [SMA], and PFC) were evaluated. The sandstone had a rough texture with
better abrasion resistance than Limestone 1. The findings also indicated that coarse mixtures had
better friction than fine ones. After considering the developed model’s aggregate texture and
angularity indices, the results demonstrated a high correlation between the measured and
predicted IFI.

Wu et al. (2012) developed a new model to estimate skid resistance based on 12 mixtures with
various mix types and aggregate sources. The aggregates included sandstone and siliceous
limestone, and four mix types were evaluated (19-mm Superpave Level 2 mix, 12.5-mm
Superpave Level 2 mix, SMA, and PFC). The selection of the aggregates was based on the
mixture construction in Louisiana. The Micro-Deval was used to polish the prepared slabs
according to AASHTO T327 (AASHTO 2012). Also, the British pendulum number was
measured according to AASHTO T278 (AASHTO 1990) and T279 (AASHTO 1996).
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Additionally, the macrotexture and microtexture of the prepared slabs were measured using the
CTM and DFT after different polishing cycles. The model presented in the following equation
was developed, and the significance of the model is that if the initial surface macrotexture
(MPD') and microtexture (DFN2o") can be determined in a laboratory mix design, the friction
number (F60) for the designed mixture at any polishing cycle may be estimated. The coefficient
of determination (R?) for the equation is 88 percent. The researchers also demonstrated that
aggregates with low skid resistance could be blended with good quality aggregates to achieve
adequate skid resistance.

F60 = (2.18 + 13.5 * MPD! + 0.38 * DFN,") * ¢(-173+107°+N) (2-6)

where

F60 = calibrated wet friction number at 60 km/h.

MPD' = initial macrotexture in terms of MPD as measured by CTM.
DFNqo' = initial microtexture as measured by DFT at a speed of 20 km/h.
N = polishing cycle number.

Kowalski et al. (2010) developed a polishing model to estimate the terminal friction level
(referred to as F60 @ X1) and the polishing rate (a4), as seen in Figure 2-13. X1 represents the
number of wheel passes at which the terminal friction level is reached. McDaniel et al. (2012)
used this model to quantify changes in the F60 values of the RAP mixture in the JTRP study
Evaluation of Reclaimed Asphalt Pavement for Surface Mixtures. Their results showed that the
addition of RAP indeed influences friction, as seen in Figure 2-14. The more RAP material is
added, the lower the friction value becomes. This general trend can be observed for both dense-
graded asphalt (DGA) and SMA mixtures. For SMA mixtures, the changes in the F60 @ X1
values generally decrease linearly, while for the DGA mixtures, the F60 drops more between
samples with RAP contents of 15 percent and 25 percent than between 0 and 15 percent or 25 to
40 percent. The RAP in this study was laboratory fabricated using poor-quality aggregate (for
friction) to represent a “worst case.”

Initial Pavement Decreasing Friction Stabilization Zone
Life Zone  Friction Zone

F
I I ; 1

F60

: X, log no. of passes
X0 X1

Figure 2-13. Polishing Model (Kowalski et al. 2010).
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Figure 2-14. Distribution of Friction Terminal Value (F60 @ x1).

In TXDOT Project 0-6746 (Chowdhury et al. 2017), researchers investigated 35 sections of
asphalt pavements to examine surface friction for revising the HMA surface friction model.
Furthermore, the researchers measured SNs using a skid trailer to enhance the skid data collected
from the TXDOT Pavement Management Information System database. Based on their research
findings, a modified model was developed to predict the skid number, SN (50), of the asphalt
pavement surface:

—-20

SN (50) = 4.81 + 140.32(IFI — 0.045)e S (2-7)
where
SN (50) = the skid number measured at 50 mph (80 km/h), and
Sp = the speed constant parameter.
SUMMARY

This chapter reviewed current knowledge and methods of characterizing RAP and evaluating
pavement surface texture and skid resistance and the potential impact of RAP on surface mixture
friction performance. Various states have guidelines for RAP usage and the percentage allowed
in the surface mixes and aggregate gradation policy. Numerous studies have concluded that the
friction and durability performance of asphalt surface courses with 10 to 25 percent RAP
performed well under low traffic. However, no research was currently found to investigate the
skid resistance (or texture) of RAP aggregate itself or categorize RAP aggregates like other raw
aggregates (e.g., SAC-A or SAC-B). The potential positive impact of high skid-resistant RAP on
surface mixture was unknown or not quantitatively studied.
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CHAPTER 3 FIELD EVALUATION OF SKID PROBLEMS REPORTED
BY DISTRICTS

In recent years, several TXDOT districts have reported low skid resistance values on surface
mixes containing SAC-A materials. The researchers performed the following: (a) identified three
districts reporting low field skids in their corresponding SAC-A sections: Lufkin District

(FM 356), Atlanta District (IH 20), and EIl Paso District (IH 10); (b) obtained basic information
about these sections including the section location, mix design spreadsheet (aggregates, RAP,
asphalt binder, etc.), skid measurements, pavement performance, etc.; (c) performed field
evaluations of the selected test sections, which included coefficients of friction measured from
the DFT, pavement macrotexture measurements (or MPD) with a CTM device, and pavement
microtexture and macrotexture measurements with TTI’s newly developed laser device, ARTS;
and (d) analyzed the field test data and summarized the findings into a technical memorandum
and report for TxDOT’s Research and Technology Implementation Division and the districts.
This chapter includes the following:

e Description of the identified sections, such as the location, skid numbers, and mixture
design information.

e Presentation of the field evaluation results, such as the DFT and laser texturing results.

e Comparison and analysis of the DFT and macrotexture and microtexture results.

e Summary of the findings and conclusions.

TEST SECTIONS

The researchers inquired many districts to identify the test sections with potential skid problems
while using SAC-A aggregates. With the help and information provided by TxDOT engineers,
three test sections were identified: (1) FM 356 in the Lufkin District, (2) IH 20 in the Atlanta
District, and (3) IH 10 in the EIl Paso District. The test sections were reported to have low field
skids, although the surfaces belong to SAC-A materials. In addition, the mixture designs and the
corresponding raw aggregates of these sections were available, which made them good
candidates for test sections. The section location, skid numbers, and the corresponding mixture
design information are described below.

FM 356 Section

The section in the Lufkin District is located around 1.12 miles from the intersection with US 190,
as seen in Figure 3-1. The pavement surface was constructed in 2017, and the skid numbers were
collected in 2018 on the southbound side (Lane A) and are around 19.
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Figure 3-1. FM 356 Section Locatlon

Figure 3-2 shows the FM 356 mixture design. This design is a Superpave C mixture. The
aggregate stockpile percentages are 29 percent sandstone (SAC-A), 10 percent limestone
(SAC-B), 24.9 percent limestone screenings, 15 percent washed sand, 1 percent lime, and
20 percent RAP.
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Ho. 200 zo| o8] 1] o4 4z 0] 3z[ os[wooo] 10 50 1z 4.4z z0 0.0 Ves
FBala feaficd Movwithin specitications  fofa’ fraficd Mot within specificaitons- Fectricted Zone  fadizd Mot cumalative
Lift Thicknes=. in:[2.00 [ Binder Substitwion?] “ves | Binder Originally Specified] PG 70-22 | Substiute Binder] PG 64-22
Asphalt Source: Valero Binder Percent, [%1] 48 [AsphsltSpec Grav.:[ 1028 |
Antistripping Agent: | Evotherm Percent, (:2)] 0.5

Figure 3-2. FM 356 Mixture Design.

Although the percentage of sandstone (SAC-A) stockpile is only 29 percent, the percentage of
the coarse components (retaining on the No. 4 sieve) from SAC-A over the total coarse
component is 63.8 percent, as seen in Figure 3-3. Standard Specifications for Construction and
Maintenance of Highways, Streets, and Bridges (TxDOT 2014) specifies that “Class B aggregate
may be blended with a Class A aggregate to meet requirements for Class A materials. Ensure
that at least 50 percent by weight, or volume if required, of the material retained on the No. 4
sieve comes from the Class A.” Thus, the mixture of FM 356 belongs to SAC-A material.
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Aggregate Llassilication

Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8
Individual Bin {%):] Bin No.1=29% | BinNo.2=10% | BinNo.3=24.9% | BinNo.4=15% | BinNo.5=1% Bin No.& =20.1 %
Aggregate Source; Sandstone Limestone_Dolomite Limestone_Dolomite Fractionated RAP
Aggregate Number: 1402704 1402702 1402702
Class (A) Rock (Y/N) Yes No MNo
Sieve Size:
Individual Ret., % | Individual Ret., % | Individual Ret., % | Individual Ret., % | Indimdual Ret., % | Individual Ret., % | Individual Ret., % | Individual Ret., %
Passing Retained
= 1" 0.0 0.0 0.0 0.0 0.0 0.0
1" 34" 0.0 0.0 0.0 0.0 0.0 0.0
34" 1/2" 0.3 42 0.0 0.0 0.0 0.0
1/2" 3/8" T2 41 0.0 0.0 0.0 08
3/8" MNo. 4 19.8 15 0.0 0.0 0.0 4.8
MNo. 4 MNo. 8 1.1 0.0 53 0.0 0.0 44
No. 8 No. 16 0.0 0.0 5.7 0.0 0.0 18
No. 16 No. 30 0.0 0.0 45 14 0.0 18
Nao. 30 No. 50 0.0 0.0 3.3 4.5 0.0 1.8
No. 50 Na. 200 0.0 0.0 5.2 8.7 0.0 3.4
No. 200 Pan 06 01 10 05 1.0 12
Total| 290 10.0 249 15.0 1.0 201
Percent of plus No. 4 273 9.8 0.0 0.0 0.0 5.6

Percent of plus Mo. 4 from class (A) Rock:| 27.3
Total Percent of plus No. 4| 42,8
Percent of plus Mo. 4 from class (A) Rock:| 63.8

Figure 3-3. FM 356 Aggregate Classification.

IH 20 Section

The section in the Atlanta District is located on IH 20 from SH 43 to US 59 on the eastbound
side of the roadway. The pavement surface was constructed in 2015, and the skid numbers were
collected in 2016 and 2018. Figure 3-4 shows the section and skid number collection locations
(the green teardrops represent the location of 2016 measurements; the yellow ones represent
2018).

Figure 3-4. IH 20 Section Location.
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Table 3-1 lists the skid numbers measured in 2016 and 2018. In general, the numbers measured
in 2018 were smaller than those in 2016.

Table 3-1. IH 20 Skid Numbers.

. Skid . Responsible Measured Measured
Fiscal Year Number Skid Test Date District Latitude Longitude
2016 32.0 7/18/2016 19—Atlanta 32.488767 —94.412636
2016 30.0 7/18/2016 19—Atlanta 32.488848 —94.404218
2016 28.0 7/18/2016 19—Atlanta 32.488860 —94.395541
2016 27.0 7/18/2016 19—Atlanta 32.489110 —94.386916
2016 30.0 7/18/2016 19—Atlanta 32.489367 —94.378334
2016 35.0 7/18/2016 19—Atlanta 32.490077 —94.369676
2016 33.0 7/18/2016 19—Atlanta 32.490925 —94.361079
2016 36.0 7/18/2016 19—Atlanta 32.491283 —94.352411
2016 38.0 7/18/2016 19—Atlanta 32.491640 —94.343820
2018 20.6 6/20/2018 19—Atlanta 32.488737 —94.413486
2018 19.4 6/20/2018 19—Atlanta 32.488892 —94.404829
2018 19.6 6/20/2018 19—Atlanta 32.488843 —94.396346
2018 19.6 6/20/2018 19—Atlanta 32.489094 —94.387738
2018 24.4 6/20/2018 19—Atlanta 32.489352 —94.378922
2018 21.6 6/20/2018 19—Atlanta 32.489939 —94.370518
2018 34.7 6/21/2018 19—Atlanta 32.490831 —94.363394
2018 38.0 6/21/2018 19—Atlanta 32.491185 —94.354861
2018 36.1 6/21/2018 19—Atlanta 32.491536 —94.346335

Figure 3-5 shows the mixture design of the IH 20 section. This design is a dense-graded Type D
mixture, and the aggregate stockpile percentages of this mixture are 50 percent igneous 1/2 inch,
10 percent igneous 3/8 inch, 30 percent igneous screenings, and 10 percent field sand. Since
igneous is SAC-A aggregate, the percentage of coarse component (retaining on the No. 4 sieve)
from the SAC-A aggregate is 100 percent, as seen in Figure 3-6.
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TEXAS DEPARTMENT OF TRANSPORTATION

HMACP MIXTURE DESIGN : COMBINED GRADATION Maximum
Refrach Workhook File Version: 082113 13:3517 Allowable, %
SAMPLE ID: | A1405 SAMPLE DATE:|RECVD. ON 3-5-14 FracRAP: 200
LOT NUMBER: [H 20 LETTING DATE:|IM 0207 (072) Unfrac RAP 10.0
SAMPLE STATUS: [DESIGN CONTROLLING CSJ:|0495-09-049 RAS: 5.0
COUNTY: |HARRISON SPEC YEAR: | 2004 RE Ratio: © 200
SAMPLED BY: [MARK DEAN SPEC [TEM:|3268
SAMPLE LOCATION: [STOCKPILE AT PLANT SPECIAL PROVISION: Recycled
MATERIAL CODE: MD{ TYPE:|S53268_D_Fine_Surface WHA Additive in Design?|No Binder, %
MATERIAL NAME: | TYPE D HOTMIX Target Discharge Temp., °F:[325 Bin No.5: 0.0
PRODUCER: |LONGWIEW ASPHALT, INC. — MARSHALL PLANT i _[|BinNo.g: 0.0
AREA ENGINEER: | ANDERSON [ PROJECT MANAGER: | [ [ “‘-’?’:‘%“-’mﬂ BinMNo0: 0.0
COURSE\LIFTT] Surface STATION:| [ DIST. FROM CL: CONTRACTOR DESIGN # © H1405 semoidsesst | Total 0.0
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
- - - - - - - - - Recycled 1o
Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.B Bin No.9 Bin No.10 Total Binder, %
. Waterial hased cor e
Aggregate Source:|  laneous laneaus lgneous Type ;nifmvrﬂf:g?mr_wd
i
Aggregate Pit|  Jones Ml Jones Ml Joneshil | GLOVERPIT Material mm
Aggregate Number:| 0080122 0050122 0050122 LOCAL SOURCH - 0.0

Sample ID: w2 CA, e CA. SCREENINGS | FIELD SAMD Sample ID

Recycled Asphalt Binder (%)

Combined Gradation

Hydrated Lime?: BN At 3of 1 Total Bin || Lower & Upper Specifisation
Individus|Bin ():| 50.0 |Percend 10.0 [Percend 30.0 [Perceny 10.0 [Percen Percen Percen Percen Rt et Gt | 100.0% Limits
] ] Cum. Cum| #8¢ [Cumz| big@ |Cumi| #hd |Cumx| bl |Cumi[ ble [Comi| Bh [0 T bt [Cumx] b6 [Comz] 0 | opm ithin
Sieve Size: Pazsin Pazsin Ct:lm. Pazsin CI:Im. Pazsin Cl:lm. Pazsin CI:II'n. Pazs\n CI:Im Pazsin CI:IITL Passing Cl:lm. Pazsin Ct:lm. Pazsin C|:|m_ Fassing Lewer Upper Spec's
34" 100.0 100.0) 10.0{100.0( 30.0]1000( 10.0 100.0 100.0 100.0 Ves
172" 100.0 100.0| 10.0{100.0( 30.0|1000( 10.0 100.0 98.0 100.0 Ves
e 90.4 100.0| 10.0(100.0( 30.0|1000( 10.0 95.2 85.0 100.0 es
No. 4 343 35.0 35| 954 286|1000( 100 59.3 50.0 70.0 es
No. 8 9.6 78 08| 712 21.4|1000( 100 369 350 45.0 es
No. 30 3.1 3.0 03| 288 &8|1000( 100 205 15.0 28.0 Yes
No. 50 25 26| 03| 198 58] 99.5( 100 17.3 7.0 20.0 Yes
No. 200 1.6 18| 02| 104 31| 166 1.7 59 20 7.0 Yes
{Bold lalic) Mot within specifications  {Bold ftalic) Mot within specificaltons- Restricted Zone  (falic) Mot cumulative
Lift Thickness, in: | Binder Substitution?| MNo Binder Originally Speciﬁetﬂ PG 78-22
Asphalt Source:]  LION PG 76-22  MUSKOGEE, OK Binder Percent, (%).] 5.0 SPIET SPECT 25 |
Antistripping Agent: [NONE Percent, (%) |

Figure 3-5. IH 20 Mixture Design.

Aggregate Classification
Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.b
Individual Bin (%):] Bin Mo.1=50% | BinMo.2=10% | BinMNo.3=30% | BinMNo4=10"%
Aggregate Source: Igneous Igneous lgneous
Aggregate Mumber: 0050122 0050122 0050122 LOCAL SOURCE
Class (A) Rock (Y/N): Yes Yes Yes No
Sieve Size:
Individual Ret., % | Individual Ret., % | Individual Ret., % | Individual Ret.. % | Individual Ret.. % | Individual Ret., %
Passing Retained
- 34" 0.0 0.0 0.0 0.0
34" 1/2" 0.0 0.0 0.0 0.0
1/2" 3" 4.8 0.0 0.0 0.0
3/8" MNo. 4 281 6.5 14 0.0
Mo. 4 MNo. 8 12.4 27 73 0.0
MNo. & Mo. 30 3.3 0.5 12.7 0.0
Mao. 30 Mo. 50 0.3 0.0 2.8 0.0
Mo. 50 Mo. 200 04 01 2.8 8.3
Mo. 200 Pan 0.9 0.2 31 1.7
Taotal: 50.0 10.0 300 10.0
Percent of plus MNo. 4 32.9 6.5 14 0.0

Percent of plus Mo. 4 from class (A) Rock:| 40.7

Total Percent of plus No. 4 407

Percent of plus Mo. 4 from class (A) Rock:| 100.0

Figure 3-6. IH 20 Aggregate Classification.
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IH 10 Section

The section in the El Paso District is a mill and inlay project along both IH 10 frontage roads
between FM 1281 and FM 1110. All construction work was done in September 2018, and the
skid test ran in May 2019. Figure 3-7 shows the section and the skid number collection locations.

Figure 3-7. IH 10 Section Location.

Table 3-2 lists the skid numbers measured on the IH 10 frontage roads (both sides). Most of
these numbers are close to or smaller than 30, indicating low skid resistance.
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Table 3-2. IH 10 Skid Numbers.

Fiscal Skid Skid Test ~ Measured Measured

Year Number Date Latitude Longitude

2019 28.6 5/6/2019 31.657313 —106.238646
2019 23.0 5/6/2019 31.651311 —106.233974
2019 28.1 5/6/2019 31.645246 —-106.229264
2019 30.3 5/6/2019 31.639254 —106.224605
2019 31.0 5/6/2019 31.633084 —-106.219821
2019 36.4 5/6/2019 31.627005 —106.215097
2019 24.8 5/6/2019 31.621006 —106.210447
2019 25.1 5/6/2019 31.614963 —106.205766
2019 29.0 5/6/2019 31.608841 —-106.201013
2019 22.3 5/6/2019 31.602689 —106.196241
2019 27.5 5/6/2019 31.656079 —106.236332
2019 27.1 5/6/2019 31.650080 —-106.231710
2019 24.4 5/6/2019 31.644058 —-106.227032
2019 30.5 5/6/2019 31.637976 —106.222314
2019 26.2 5/6/2019 31.631865 —106.217566
2019 30.4 5/6/2019 31.625874 —106.212924
2019 31.1 5/6/2019 31.619815 —106.208227
2019 28.0 5/6/2019 31.613735 —106.203511
2019 25.4 5/6/2019 31.607609 —-106.198761
2019 19.1 5/6/2019 31.601542 —106.194063

Figure 3-8 shows the mixture design of the IH 10 section. This design is a Superpave C mixture.
The aggregate stockpile percentages of this mixture are 28 percent igneous 3/4 inch (SAC-A),
25.1 percent limestone 3/8 inch (SAC-B), 27 percent limestone screenings, and 20 percent RAP.
The percentage of coarse components (retaining on the No. 4 sieve) from the SAC-A aggregate
is 53.4 percent, as seen in Figure 3-9.

28



»* TEXAS DEPARTMENT OF TRANSPORTATION
4 JOBE MATERIALS, L.P.
2014 HMACP MIXTURE DESIGN : COMBINED GRADATION Mazimum
Refresh Workhook TH2MIKDE - Fil: Yersion: 1202013 02:05:44 Allow able. 3
SAMPLE ID: | 2451013MIRIGCEDSS SAMPLE DATE: | 311812015 Frac RAP: 20.0
LOT NUMBER: |1 LETTING DATE: | 07112015 Unfrac BAF 100
SAMPLE STATUS: | COMPLETE CONTROLLING CS.J: | 2121-04-036 RAS: 5.0
COUNTY: [EL PASO SPECYEAR: [2014 RE Ratic: ©+__ 30.0
SAMPLED B | MARIO IRIGCEN LUJAND SPECITEM: | 03446047
SAMPLE LOCATION: | JOBE SEC 14 PLANT SPECIAL PROVISION: Recycled
MATERIAL CODE: [ 0344CM0000 M TvPE: [ 344-5P-C WM& Additive in Design? [ Yes Binder,
MATERIAL NAME: | ITEM 344 COMPLETE Mix QCOA ALL Mix TYPES Target Discharge Temp., "F:[ 275 Bin Mo.g: 10
PRODOLICER: 'w/MA TECHNOLOGY: | Double Barrel Green (4 : Bin Mo 0o
AREAENGINEER: | ROBERT FLORES [ PROJECT MANAGER: [MOKICA DUSRULE WA RATE] 2.0 JUNITS: > byueight of ssphatt| 200 |Bin o o
COURSENLIFT: Surface STATION: | | DIST. FROMCL: CONTRACTOR DESIGH # : IM344SPC20SPTO0Z, rermiatens Total 1.0
AGGREGATE BIN FRACTIONS “RECYCLED MATERIALS™ Ratio of Recycled
Agaregate Bin No.1 | BinNo.2 | BinNo.3 | BinNo.4 | BinNo.5 | BinNo.6 | BinNo.7 || BinNo.8 | Bin No.9 [ Bin No.10 to)Lotal Biinder. |3
Source: mestons_Dalomi Igneous imestons_D: Dilomi Fractionated Marerial [Baced on bindve percent
= = = BES Tupe i ehis
Pra| TR | ey | Pty | WeTi Watere] wortstont
Mumber: 2407220 S4HEIS 2407220 2407220 7
Producer: S
Producer
Sample IO 514 3ACE 30 SAC A 305 Fines %ample
Recycled Asphalt Binder (2]
5.0 Combined Gradation
Hydrated Lime 200 [# T e et Ten | Total Bin
5 s = = z Lower & Upper Specification Limits
Individual Bin [3<): Percent| Z8.0 [Percent| 251 |Percent| 27.0 [ Percent Forcent Forcent percent|| 3.9 | =0 P e | 100,05
Siaua iy Cum % et Cum. es | Cumi Ies | Cumi [ Cum.% ez | CumX [B) Cum.% e || Cum (= Cum % e | CumX [[B) Cum. % L 1, ‘wfithin
i Fassing | Cum. % | Fassing | Gum. % | Passing| Cum. % | Fassing | Com. % | Passing | Cum. % | Passing | Cum. % | Passing | cum. %||Fassing [ Com. % | Passing | Cum. % | Pazsing| Com. %[ Fassing s FEEL
1 00.0| &50]100.0) 251|100.0) 27.0 o0.o| 159.9 100.0 100.0 100.0 ez
Sid” 100.0| 28.0[100.0) 251)100.0) 27.0 00.0| 19.9 100.0 98.0 100.0 Yes
2" T3.0| 20.4) 1000 251[1000] 27.0 00.0| 19.9 924 a0.0 100.0 ez
318" 45.0| 126) 83.0( 22.3[ W00 27.0 70| 189.3 812 58.0 a0.0 Yes
Mo, g 5.0 14| 300[ 7.5 39.0| 267 T30 WS S0.2 280 a0.0 ez
Mo. 8 4.0 11 4.0 10 8530| 224 47.0 9.4 33.9 28.0 56.0 es
Mo. 16 3.5 10 3.0 05 540 M6 35.0 7.0 23.3 2.0 S5&8.0 Yes
Mo. 30 3.0 0.8 20 05 373 101 27.0 5.4 16.5 2.0 56.0 “es
Mo. 50 2.0 0.5 15 0.4 265 T2 20.0 4.0 12.1 2.0 58.0 Yes
MNo. 200 18 0.5 10 03] 156 3.7 &.0 16 6.0 2.0 0.0 ez
FEabd fraffeF Mot within specifications  fFafa’ falfsd Mot within specificaitons- Restricted 2one Shadizd Mot cumulative
Lift Thickness, i | .00 [Binder Substittion?] es | Binder Criginally Specified] PG 70-22 | Substiute Hinder | PGE4-22 |
Asphalt Source. Andover Binder Percert_ (1] 4.6 | s 10|
Antistripping Agent: Percent, [3]:]
Aggregate Classification
Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8
Individual Bin (%): BinMNo.2=28% [ BinNo.3=251% | BnNo.4 =27 % Bin Mo.8 =19.9 %
Aggregate Source:| Limestone_Dolomite Igneous. Limestone_Dolomite Limestone_Dolomite Fractionated RAP
Aggregate Number; 2407220 2411813 2407220 2407220
Class (A) Rock (Y/N) No Yes No No No
SiEVE SiZE: .- - .- - - -
Individual Ret., % | Individual Ret., % | Individual Ret., % | Individual Ret., % [ Individual Ret., % | Individual Ret., % | Individual Ret., % | Individual Ret., %
Passing Retained
- 1" 0.0 0.0 0.0 0.0
1" 34" 0.0 0.0 0.0 0.0
34" 1/2" 7.6 0.0 0.0 0.0
1/2" 38" 7.8 28 0.0 06
378" No. 4 11.2 14.8 0.3 4.8
No. 4 No. 8 0.3 6.5 4.3 5.2
No. 8 Mo. 16 0.1 0.3 7.8 24
No. 16 Mo. 30 0.1 0.3 4.5 1.6
No. 30 MNo. 50 0.3 0.1 2.9 1.4
No. 50 No. 200 0.1 0.1 35 24
No. 200 Pan 0.5 0.3 37 1.6
Total: 28.0 251 270 19.9
Percent of plus No. 4 26.6 17.6 0.3 54
Percent of plus Mo. 4 from class (A) Rock:| 26.6
Total Percent of plus No_ 4 498
Percent of plus No. 4 from class (A) Rock:| 53.4

Figure 3-9. IH 10 Aggregate Classification.

FIELD EVALUATION

During the field evaluation, three types of tests were performed: (1) the CTM laser test for
macro-MPD determination, (2) the ARTS laser test for micro- and macro-MPD determination,
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and (3) the DFT test for friction coefficient determination. This chapter provides a brief
description of each test and presents the field test results for each section.

CTM Test

The CTM test was conducted according to ASTM E2157: Standard Test Method for Measuring
Pavement Macrotexture Properties Using the Circular Track Meter (ASTM 2015a). The laser in
the CTM is a point laser, and the profile determined is a 2D profile (distance in the X coordinate
and elevation in the Z coordinate). The device has a laser displacement sensor attached to an arm
that rotates in a circle with a diameter of 284 mm. The laser sensor can collect 1,024 data points
per round (Figure 3-10). Thus, the CTM can scan the 892-mm-long circumference of the
pavement at a sampling rate of one point every 0.87 mm. The scanned circumference is further
divided into eight 100-mm-long segments for analysis. The CTM is used to characterize the
macrotexture of the pavement. The MPD value for each of the eight segments of the scanned
circumference was calculated according to ASTM E1845 (ASTM 2016) and averaged to obtain
the MPD of the test surface (Figure 3-11). The final macrotexture MPD for each test surface
used in the analysis consisted of the average value of three repeated runs.

(a) (b)
Figure 3-10. CTM Test Device (a) Front and (b) Bottom.
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Mean Segment Depth =
Peak level (1st) + Peak level (2nd)

| Profile | |

Peak level (1st) Mean Segment Depth |

Peak level (2nd)

Average level

(second half of baseline)

I
1
1
1,
I

Baseline

(first half of baseline)

Computation of Mean
Segment Depth

Figure 3-11. ASTM E1845 Macro-MPD Calculation.

ARTS Test

The ARTS was originally developed during TxDOT Project 5-6921-01 to determine the
microtexture for the ring-shaped aggregate specimens (Arambula et al. 2018). As Figure 3-12a
shows, the laser head is mounted onto an arm that rotates in a circle with the same diameter as
CTM (284 mm). Unlike the CTM laser (point laser), the ARTS laser is a line laser with a
maximum line width of 40 mm, which is enough to cover the ring width (25 mm). The data point
interval along the laser line is 0.05 mm. The laser line is parallel to the arm and perpendicular to
the arm-rotating direction. Thus, the ARTS measurement covers the whole ring-shaped area and
generates a 3D profile (distance [X coordinate], data point position along the laser line [Y
coordinate], and elevation [Z coordinate]), as shown in Figure 3-12b. Since ARTS can produce a
high-resolution 3D profile, it is ideal for the microtexture determination of aggregate surface in
the rings.
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Ring-Shaped Specimen Stepper Motor  Laser Arm Laser Head
(a)

(b)
Figure 3-12. (a) ARTS Device and Aggregate Ring-Shaped Specimen and (b) 3D Profile.
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The researchers modified and enhanced the ARTS data processing algorithm and software to
handle the pavement and mixture slab surfaces during this project. The main difference between
the pavement (or mixture slab) surface and the aggregate ring surface is that the pavement
surface has coarse and fine aggregates. In contrast, the aggregate ring only has coarse aggregate
(passing 3/8 inch and retaining on 1/4 inch sieve). In addition, the macrotexture determination is
needed for pavement surfaces (Figure 3-13), while it is not necessary for aggregate rings.

Currently, there are no standardized methods for microtexture characterization. Zuniga-Garcia
and Prozzi (2019) studied different texture parameters and suggested that MPD was the most
significant parameter to explain the distinct friction measures. Serigos et al. (2014) compared the
surface microtexture parameters using different segment lengths and recommended a 1-mm
baseline to mitigate the effect of outliers. In the ARTS software, the analysis segment lengths for
pavement surface microtexture and macrotexture are set to 1 mm and 100 mm, respectively; the
MPD values are consistent with the studies and findings mentioned above.

Macrotexture
Microtexture

Figure 3-13. Pavement Surface Microtexture and Macrotexture.

As seen in Figure 3-14a, the modified ARTS can determine both the micro- and macro-MPD for
pavement (or mixture slab) surface. The measured area covers the same area as the aggregate
ring and DFT test areas. Compared to CTM, the ARTS measurement includes more than

500 circumferences’ (500 data points for a 25-mm laser line) profile data rather than

1 circumference’s profile data in the CTM measurement. In Figure 3-14a, users can select any
circumference and segment to view the corresponding MPD values (micro or macro). The ARTS
reports the average MPD values for all the circumferences segments. Figure 3-14b shows an
ARTS-measured pavement surface 3D profile.
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Figure 3-14. Modified ARTS (a) User Interface and (b) 3D Profile of Pavement Surface.
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DFT Test

A DFT device (Figure 3-15) consists of a horizontal spinning disk fitted with three spring-loaded
rubber sliders (each slider’s length is 0.75 inches, width is 0.625 inches, and height is

0.25 inches). The water is sprayed in front of the sliders, and a constant load is applied to the
slider as the disk rotates on the test surface. The torque is monitored continuously as the disk’s
rotational velocity drops because of the friction between the sliders and the test surface. The
torque is then used to calculate the surface friction coefficients. The DFT test has been widely
used for friction measurement in various conditions to explore the speed dependency of
pavement friction by measuring friction at various speeds. ASTM E1911 (ASTM 2019) is a
specification on measuring paved surface frictional properties with the DFT.

(a) (b)
Figure 3-15. DFT Test Device (a) Front and (b) Bottom.

Three repeated runs were conducted for each DFT test. The results obtained from the DFT,
shown in Figure 3-16, were used to estimate the surface friction at different speeds. This research
selected two speeds, 20 km/h and 60 km/h, to describe the DFT numbers at high and low speeds.
These parameters were estimated as the average of the three repeated runs at the corresponding
speed. Using the average instead of a single value provided a more robust analysis and increased
the confidence in the results.
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DFT Friction Numbers
——Run 1 Run 2 Run 3
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Figure 3-16. DFT Friction Numbers at Different Speeds.

FM 356 Field Evaluation

In March 2020, the researchers traveled to the Lufkin District FM 356 section and selected the
field evaluation location. The section was from the intersection of Tree Line Drive to the
intersection of Pine Harbor Drive, as seen in Figure 3-17. The section length was around
1,500 ft. The interval of the tests was 100 ft.

Figure 3-18 shows the pavement surface condition at that time. The wheel path and shoulder had
the same surface mixture at that time.

- Fair Ice Services 9
= OTeam Sa

Figure 3-17. FM 356 Field Evaluation Location.
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| Figue 3-18. Photo Taken at the FM 356 Section in March 2020.

Due to the COVID-19 shelter-in-place order and the travel restrictions starting in March 2020,
the field evaluation of FM 356 was postponed. However, this section was seal coated during the
second half of 2020. Thus, when the researchers conducted the field evaluation in January 2021,
the evaluations were mainly on the shoulder, representing the pavement surface under little

traffic polishing (Figure 3-19).

N -

Figure 3-19. Field Evaluation at the FM 356 Section in January 2021.
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For each test station, the researchers performed the laser tests (CTM and ARTYS) first and then
the DFT test. This was because the DFT test needs water on the pavement, which will cause
reflection and affect the laser test result. Each test equipment was carefully aligned to ensure
each tested the same area. For example, the DFT and the ARTS covered the same ring area, and
the CTM point laser circumference was in the middle of the ring area. Figure 3-20, Figure 3-21,
and Figure 3-22 show the CTM, ARTS, and DFT results, respectively. For each station, three
repeated runs were performed for the CTM and DFT tests, and two repeated runs were
performed for the ARTS test. The figures show the average value for each station.
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Figure 3-20. FM 356 Shoulder CTM Macro-MPD Results.
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Figure 3-21. FM 356 Shoulder ARTS (a) Macro-MPD and (b) Micro-MPD Results.
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Figure 3-22. FM 356 Shoulder DFT at (a) 20 km/h and (b) 60 km/h Results.

Figure 3-23 compares the ARTS macro-MPD and the CTM macro-MPD station by station. The
CTM values are very close to the ARTS values; the two sets of values have a very good
relationship.

ARTS Macro-MPD vs. CTM Macro-MPD (Shoulder)
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Figure 3-23. Comparison between FM 356 ARTS Macro-MPD and CTM Macro-MPD
Station by Station.

Table 3-3 lists the test results by averaging all stations. These numbers will be used to compare
with other test sections later.
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Table 3-3. FM 356 Shoulder Test Results by Averaging All Stations.
CTM Macro- DFT @ DFT @ ARTS ARTS
MPD, mm 20 km/h 60 km/h Micro-MPD, Macro-MPD,
mm mm
0.515 0.606 0.582 0.046 0.553

IH 20 Field Evaluation

In March 2021, the researchers traveled to the Atlanta District IH 20 section and selected the
field evaluation location close to the intersection with SH 43, as seen in Figure 3-24. The
selected section was around 1,500 ft, and the test interval was 100 ft. Figure 3-25 shows the
pavement surface condition at that time. The wheel path and the shoulder had the same surface

mixture at this location.
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Figure 3-24. IH 20 Field Evaluation Location.
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Figuré 3-25. IH 20 Pavement Surface Condition in March 2021.

With the coordination of the project manager and help from the TxDOT traffic control team, the
field evaluation of the IH 20 section was conducted on March 18, 2021. The CTM, ARTS, and
DFT tests were conducted on the wheel path and the shoulder (Figure 3-26). Figure 3-27, Figure
3-28, and Figure 3-29 show the IH 20 CTM, ARTS, and DFT test results, respectively. For each
test location, three repeated runs were performed for the CTM and DFT tests, and two repeated
runs were performed for the ARTS test. Each figure shows both the main-lane wheel path and
shoulder test results for comparison.
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Figure 3-26. Field Evaluation at the IH 20 Section in March 2021.
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Figure 3-27. IH 20 CTM Macro-MPD Results.
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Figure 3-28. IH 20 ARTS (a) Macro-MPD and (b) Micro-MPD Results.
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Figure 3-29. IH 20 DFT at (a) 20 km/h and (b) 60 km/h Results.

Comparing the CTM values in Figure 3-27 indicates that, for some stations, the shoulder CTM
macro-MPD values are larger and, for other stations, smaller than the main-lane values. The
same trend for the ARTS macro-MPD values is in Figure 3-28a. However, Figure 3-29 shows
that the shoulder DFT values are consistently larger than the main-lane DFT values. Similarly,
most shoulder ARTS micro-MPD values are larger than the main-lane values (Figure 3-28b). An
unpaired t-test (also known as an independent t-test) was performed between the shoulder and
the main-lane values; the results are listed in Table 3-4. The unpaired t-test is a statistical
procedure that compares the averages/means of two independent or unrelated groups to
determine if there is a significant difference between the two groups. The t-test value < 0.05
indicates that the difference is significant.

It can be concluded from Table 3-4 that the DFT values (both at 20 km/h and 60 km/h) have
significant differences between the main-lane wheel path and the shoulder; the ARTS
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micro-MPD also has significant differences as well. However, the macro-MPD values (both
CTM macro-MPD and ARTS macro-MPD) do not have significant differences (the t-test value is
0.0739 and 0.519, respectively). This result implies that the traffic polish might mainly change
the DFT values and microtexture (micro-MPD values), while the macrotexture (macro-MPD)
might not be affected much.

Table 3-4. IH 20 Unpaired t-Test Results between Wheel Path and Shoulder.

CTM Macro- DFT @ DFT @ ARTS Micro- ARTS Macro-
MPD, mm 20 km/h 60 km/h MPD, mm MPD, mm
0.0739 2.44E-11 5.34E-08 0.0086 0.519

Figure 3-30 shows the comparison between the IH 20 ARTS macro-MPD and the CTM
macro-MPD station by station. In general, a larger CTM macro-MPD value corresponds to a
larger ARTS macro-MPD value, and the differences between the values are not significant.

ARTS Macro-MPD vs. CTM Macro-MPD (Wheel Path) ARTS Macro-MPD vs. CTM Macro-MPD (Shoulder)
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Figure 3-30. Comparison between IH 20 ARTS Macro-MPD and CTM Macro-MPD
Station by Station on the (a) Wheel Path and (b) Shoulder.

Although the R? for the wheel path is not high (0.54) in this case, the difference between the
CTM macro-MPD and the ARTS macro-MPD is small (less than 10 percent), as seen in Table
3-5.
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Table 3-5. IH 20 Main-Lane Wheel-Path Macro-MPD Comparison between CTM and

ARTS.

Station Number I(\:/I-g\lg '\r:lqarsm_ ':‘/IF\;ES rl:l/lr?lcro- Difference (%)
1 0.6 0.61 -2.0
2 0.58 0.60 -3.5
3 0.74 0.69 7.7
4 0.56 0.61 -8.5
5 0.68 0.63 1.7
6 0.65 0.63 2.5
7 0.59 0.62 -4.8
8 0.6 0.63 —4.5
9 0.68 0.65 4.0
10 0.73 0.68 7.2
11 0.69 0.68 0.8
12 0.58 0.64 -9.5
13 0.64 0.68 —-6.5
14 0.7 0.70 -0.3
15 0.67 0.67 -0.1
16 0.66 0.70 -6.1

Table 3-6 lists the test results by averaging all stations. These numbers will be used for
comparison with other test sections later.

Table 3-6. IH 20 Test Results by Averaging All Stations.

ARTS ARTS
. CTM Macro- DFT @ DFT @ .
Location MPD, mm 20 km/h 60 km/h Micro-MPD, Macro-MPD,
mm mm
Shoulder 0.594 0.611 0.591 0.0393 0.638
Wheel Path 0.647 0.508 0.475 0.0375 0.654

IH 10 Field Evaluation

In April 2021, the researchers traveled to the El Paso District IH 10 section and selected the field
evaluation location (frontage road), which was close to the intersection with FM 1110
(Darrington Road), as seen in Figure 3-31. The selected section was around 1,500 ft, and the test
interval was 100 ft. Figure 3-32 shows the pavement surface condition at that time. The wheel
path and the shoulder had the same surface mixture at this location.
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Figure 3-31. IH 10 Field Evaluation Location.

Figure 3-32. IH 10 Pavmet Surface Condition in April 2021.

With the coordination of the project manager and help from the TxDOT traffic control team, the
field evaluation of the IH 10 section was conducted on April 19, 2021. The CTM, ARTS, and
DFT tests were conducted on the wheel path and the shoulder (Figure 3-33).
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Figure 3-33. Field Evaluation at the IH 10 Section in April 2021.

Figure 3-34, Figure 3-35, and Figure 3-36 show the IH 10 CTM, ARTS, and DFT test results
(both shoulder and wheel path), respectively. For each station, three repeated runs were
performed for the CTM and DFT tests, and two repeated runs were performed for the ARTS test.
The figures show the average value for each test location.

Wheel Path vs. Shoulder for CTM Macro-MPD
Wheel Path  m Shoulder

1.6

El.d

E

a

[a

s 1

gu.a

s A S N NN
0.6 q FERESN I N

s N @ N Y N § N N N NN

R RRRARRRRRRER B
- IV TN
NN NN NN NN NN Y

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Station Number
Figure 3-34. IH 10 CTM Macro-MPD Results.
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Figure 3-35. IH 10 ARTS (a) Macro-MPD and (b) Micro-MPD Results.
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Figure 3-36. IH 10 DFT at (a) 20 km/h and (b) 60 km/h Results.

Figure 3-36 shows that the IH 10 shoulder DFT values are consistently larger than the main-lane
(wheel-path) DFT values. A similar trend can be observed for the ARTS micro-MPD values in
Figure 3-35b. No such trend can be found for macro-MPD either in Figure 3-34 (CTM macro-
MPD) or Figure 3-35a (ARTS macro-MPD). These findings are consistent with the findings
from the IH 20 test results.

An unpaired t-test was performed between the IH 10 shoulder and the main-lane values; the
results are listed in Table 3-7. Since the t-test value < 0.05 indicates that the difference is
significant, it can be concluded that (a) the shoulder DFT values are larger than the main-lane
(wheel-path) DFT values and the difference is statistically significant, (b) the shoulder
micro-MPD values are larger than the main-lane wheel-path micro-MPD values and the
difference is statistically significant, and (c) the shoulder macro-MPD values are not statistically
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different from the main-lane wheel-path macro-MPD values. These conclusions from the IH 10
field data are consistent with the 1H 20 field data conclusions.

Table 3-7. IH 10 Unpaired t-Test Results between the Wheel Path and Shoulder.

CTM Macro- DFT @ DFT @ ARTS Micro- ARTS Macro-
MPD, mm 20 km/h 60 km/h MPD, mm MPD, mm
0.6429 7.3342E-20 2.6965E-20 8.06863E-06 0.6058

Figure 3-37 shows the comparison between the IH 10 ARTS macro-MPD and the CTM
macro-MPD station by station. In general, a larger CTM macro-MPD value corresponds to a
larger ARTS macro-MPD value, and the differences between the values are not significant. The
R? values are high for both the wheel path and shoulder (0.87 and 0.97).
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Figure 3-37. Comparison between IH 10 ARTS Macro-MPD and CTM Macro-MPD
Station by Station on the (a) Wheel Path and (b) Shoulder.

Table 3-8 lists the test results by averaging all stations. These numbers will be used for
comparison with other test sections later.

Table 3-8. IH 10 Test Results by Averaging All Stations.

Location CTM Macro- DFT @ DFT @ ARTS ARTS
MPD, mm 20 km/h 60 km/h  Micro-MPD, Macro-MPD,
mm mm
Shoulder 0.678 0.508 0.544 0.0401 0.724
Wheel Path 0.652 0.299 0.318 0.0355 0.695

49



Comparison among Field Sections

Table 3-9 lists the test results of three field sections together for comparison. The number in the
table is the result of averaging all stations in the corresponding field section.

Table 3-9. Test Results Comparison among Sections.

Sections I\/clzz;rct/cl)- ;D()Fl;rm%] g)Fl;rmC/@h I\A/IEIOS GSC-II:S- NSrl;iSer
MPD, mm MPD, mm  MPD, mm

gﬁ(‘) SSiir 0.515 0.606 0582  0.0460 0.553 —
g;ozu"lder 0.594 0611 0591  0.0393 0.638 —
o 0.678 0508  0.544  0.0401 0.724 —
I
g‘ﬂzl" Wheel ) 647 0508 0475  0.0375 0.654 3226((22001168))_
g OWheel oesa 0299 0318 00355 0.695  19-25(2019)

Note: — means not applicable.

The DFT (both at 20 km/h and at 60 km/h) rankings (from high to low values) among the three
sections are IH 20 > FM 356 > IH 10, as seen in Figure 3-38. However, neither the micro-MPD
ranking nor the macro-MPD ranking is consistent with the DFT ranking.

DFT@ 20km/h  EDFT @ 60 km/h DFT @ 20 km/h  EDFT @ 60 km/h
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05 04
0.4 0299 0318
0.3
03
02 0.2
0.1 01
0 0
FM 356 Shoulder IH 20 Shoulder IH 10 Shoulder IH 20 Wheel Path IH 10 Wheel Path
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Figure 3-38. DFT Results Comparison among Three Field Sections on the (a) Shoulder and
(b) Wheel Path.
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The field DFT ranking is consistent with the ranking of lab DFT tests on mixture slabs, as seen
in Figure 3-39. Chapter 4 will describe the aggregate and mixture slab tests in more detail.
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Figure 3-39. DFT Results Comparison among Mixture Slabs of Three Test Sections at
(a) 20 km/h and (b) 60 km/h.

SUMMARY AND CONCLUSIONS

This chapter describes the field evaluation work. Three test sections were identified: (1) FM 356
in the Lufkin District, (2) IH 20 in the Atlanta District, and (3) IH 10 in the El Paso District. The
test sections were reported to have low field skids, although the surfaces belong to SAC-A
materials. The overall goal was to evaluate the pavement field surface friction numbers and
textures (in terms of macro-MPD and micro-MPD), find the relationship among these surface
characteristics, and identify the potential cause of the low skid numbers. Three types of tests
were performed on the test sections: (1) the CTM laser test for macro-MPD determination,

(2) the ARTS laser test for micro- and macro-MPD determination, and (3) the DFT test for
friction number determination. The conclusions and findings are summarized as follows:

e The FM 356 section surface is a Superpave C mixture with 29 percent sandstone (coarse
aggregate); the percentage of coarse component (retaining on the No. 4 sieve) from the
SAC-A aggregate (sandstone) over the total coarse component is 63.8 percent. The IH 20
section surface is a dense-graded Type D mixture with all igneous aggregates (coarse and
fine); the percentage of coarse component (retaining on the No. 4 sieve) from the SAC-A
aggregate (igneous) is 100 percent. The IH 10 section surface is a Superpave C mixture
with 28 percent igneous (coarse aggregate); the percentage of coarse component
(retaining on the No. 4 sieve) from the SAC-A aggregate (igneous) is 53.4 percent.

e The pavement shoulder DFT values (at 60 km/h and 20 km/h) are larger than the wheel
path DFT values. The difference is statistically significant. These findings confirm that
the traffic polish makes the pavement surface smoother and less skid-resistant. The
results are consistent with the 1H 20 skid number results, which significantly decreased

from 2016 to 2018.



The pavement shoulder micro-MPD values are larger than the wheel path DFT values.
The difference is also statistically significant. These findings confirm that the traffic’s
aggregate surface microtexture gets polished and contributes to the lower skid resistance
of the main-lane wheel path.

The pavement shoulder macro-MPD values are not statistically different from the main-
lane wheel-path macro-MPD values. This result implies traffic polish does not change the
macrotexture in these sections by much. This lack of change is reasonable since the
macrotexture mainly depends on the arrangement of the aggregates (both coarse and
fine), and this arrangement will not change much if no significant distress (such as
bleeding, cracking, stripping, etc.) appears on the pavement surface.

The CTM macro-MPD values have a good relationship with the ARTS macro-MPD
values. Their value difference for each station is usually less than 10 percent. Since the
ARTS is equipped with a line laser and provides a 3D profile rather than a CTM 2D
profile, the ARTS macro-MPD might be more representative to describe the surface
macrotexture. In addition, the ARTS can determine the micro-MPDs based on the same
3D profile. Due to these features, the ARTS is considered a very convenient tool for
pavement texture analysis.

The DFT ranking (from high to low values) among the three sections is IH 20 >

FM 356 > IH 10. The field DFT ranking is consistent with the ranking of lab DFT tests
on mixture slabs.

Neither the micro-MPD ranking nor the macro-MPD ranking is consistent with the DFT
ranking of the field pavements or lab-molded mixture slabs. It is widely agreed that
pavement macrotexture and microtexture are the primary contributors to pavement
friction performance at high and low traffic speeds (Henry 2000). However, there is no
unique relationship between texture and friction; though strong and statistically
significant, the relationship is different for each pavement surface type (Izeppi et al.
2010, Zuniga-Garcia and Prozzi 2019). Thus far, no consistent relationships have been
developed for pavement texture and friction. More details are described and discussed in
the next chapter.
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CHAPTER 4 ASSEMBLE AND CHARACTERIZE RAP MATERIALS

The overall goal of the work completed in this chapter was to identify the cause of the low skid
numbers when good quality materials were used, to determine if RAP was a contributing factor,
and to determine what, if any, other factors (such as raw aggregates, mix type,
microtexture/macrotexture, and the impact of mix fines) were involved. To achieve the goal, the
researchers performed the following:

e Characterized RAP using ignition, sieve analysis, Micro-Deval, DFT, and ARTS tests.
The RAP materials were from four sources: RAP stockpile from Knife River Company,
RAP stockpile from Vulcan Materials Company (used in FM 356 surface mixture), RAP
stockpiles from El Paso County (used in IH 10 surface mixture), and SH 37 surface-
milled RAP.

e Characterized raw aggregates used in FM 356, IH 20, and IH 10 mixtures using sieve
analysis, Micro-Deval, and aggregate ring tests (DFT and ARTS tests).

e Fabricated FM 356, IH 20, and IH 10 mixture slabs in the lab using the corresponding
raw aggregates and performed a three-wheel polishing test, DFT test, and laser texturing
tests (ARTS and CTM) at certain polished cycles.

e Redesigned these mixtures by adding/removing RAP or changing the type/percentage of
RAP, fabricated mixture slabs accordingly, and performed the tests mentioned above.

e Assembled the RAP and raw aggregate information and implemented the blended DFT
calculation method for all these original and redesigned mixtures.

e Analyzed the aggregate and mixture slab test data, evaluated the influence of RAP on the
mixture skid resistance, and determined if RAP or other factors such as mix type,
macrotexture, or microtexture were contributing factors.

The following sections organize this chapter:

e Description of the lab tests performed to characterize RAP, aggregates, and mixture
slabs, such as the ignition test, sieve analysis test, Micro-Deval test, aggregate ring
fabricating, DFT and ARTS tests on aggregate rings, three-wheel polishing test on
mixture slabs, DFT/CTM/ARTS test on mixture slabs, etc.

e Presentation of the lab test results on different types of raw aggregate, RAP, and mixture
slabs (including the field test section mixture and redesigned mixture slabs).

e Assembly and analysis of the RAP aggregate, raw aggregates, mixture design
information, and calculation of blended DFT for all the original and redesigned mixtures.

e Presentation of findings and conclusions.

LAB TESTS

This chapter describes the lab tests performed to characterize RAP, aggregates, and mixture
slabs. These lab tests include the RAP ignition test, aggregate sieve analysis test, Micro-Deval
test, aggregate ring fabricating, DFT and ARTS tests on aggregate rings, mixture slab
fabricating, three-wheel polishing test on mixture slabs, DFT/CTM/ARTS test on mixture slabs,
and the corresponding preparation work. Some tests, such as aggregate ring tests, are newly
developed and have no specifications yet. Combining the aggregate, mixture, and field pavement
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test results may elucidate answers to (or provide more understanding about) why some
pavements had low skid numbers when good quality materials were used and if RAP was a
contributing factor.

Below are the descriptions of each lab test and the corresponding preparation work.
Ignition Test

To characterize RAP aggregate, the binder in the RAP material needs to be removed first. The
ignition test is done to burn out the binder and determine the binder content. To make sure each
ignition test sample was consistent and representative, the researchers first mixed several buckets
of RAP material, dried them in a 60°C conditioning room, and then used a mechanical splitter to
reduce the portion until obtaining the appropriate quantity for the ignition test (Figure 4-1). The
test followed the TXDOT standard test method Tex-236-F: Determining Asphalt Content from
Asphalt Paving Mixtures by the Ignition Method (TxDOT 2019). In this method, the sample is
heated to 538°C for 30 to 40 minutes until all the asphalt is burned off. The mass difference
before and after ignition is determined as the asphalt content.
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(©)
Figure 4-1. Ignition Test—(a) RAP Material Splitting, (b) Sample, and (c) Furnace.

Sieve Analysis

The researchers used this test method to determine the particle size distribution of aggregate
samples, including raw and RAP aggregates. First, according to AASHTO R76 (AASHTO
2016), the researchers used the mechanical splitter to reduce the portion until obtaining the
appropriate mass for two replicates of sieve analysis for each aggregate stockpile. Then the
samples were placed in the oven and dried to constant weight at a temperature of 107°C. The test
followed the TxDOT standard test method Tex-200-F: Sieve Analysis of Fine and Coarse
Aggregates, Part 11 (TxDOT 2016a) to determine a weight-based washed sieve analysis. This
procedure assesses the aggregate size distribution by allowing the material to pass through a
series of sieves of progressively smaller mesh size and weighing the amount of material that
retains on each sieve as a fraction of the whole mass. The passing percentage of each sieve is
incorporated into the mixture design. Figure 4-2 shows the sampling and test equipment.
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(a) (b)
Figure 4-2. Sieve Analysis Test—(a) Sampling and (b) Equipment.

Micro-Deval Abrasion

TxDOT’s aggregate laboratory subjected aggregate samples from each source to Micro-Deval
abrasion following standard test method Tex-461-A (TxDOT 2016b). The procedure requires a
1,500 + 5 g sample of aggregates that have been sieved, washed, and oven-dried to constant
weight at a temperature of 110°C. The container used for testing is prepared by adding 5,000 +

5 g of stainless steel balls. These balls are placed before putting the aggregate test sample in the
container to minimize abrasion. After introducing the aggregate sample, 2,000 = 500 ml of water
is poured into the container to saturate the sample for a minimum of 1 hour. After saturation, the
container is placed on its side in the Micro-Deval apparatus and tested at 100 + 5 rpm for 105 + 1
minute in the case of bituminous aggregates.

After the established test time, sieve No. 4 (4.75 mm) and sieve No. 16 (1.18 mm) are stacked
and used to decant the aggregate sample. The sample is then washed until the water running from
the stack of sieves is clear, and all material passing sieve No. 16 has been removed. A magnet is
then used to remove the stainless steel balls from the aggregate test sample. Subsequently, the
remaining aggregate is oven-dried overnight at 230°F (110°C) and weighed after verifying the
drying. The initial aggregate sample weight and oven-dry weight after the Micro-Deval test
procedure are used to calculate the percent loss due to abrasion. Figure 4-3 shows the test device,
sample, and post-processing, such as washing and removing the stainless steel balls using a
magnet.
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Figure 4-3. Micro-Deval Test—(a) Device, (b) Sample, and (c) Post-Processing.

Ring-Shaped Specimen Preparation

There is no specification for preparing an aggregate ring-shaped specimen yet. The researchers
followed the procedure developed by TXDOT Materials and Tests Division and Soils and
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Aggregates Section (MTD/SA). In November 2019, Richard 1zzo, Jeffrey Perabo, and other
engineers provided a demonstration and training to the researchers on preparing the ring-shaped
specimens. The process consists of several steps. First, a high-density polyethylene (HDPE)
template (Figure 4-4) is needed. This template has a 1/2-inch (12.7 mm) deep and 1-inch

(25.4 mm) wide circular channel. The outer diameter of the circular channel is 12 inches

(305 mm).

Before filling the channel with polyester, a debonding grease was applied to the surface of the
channel so the ring could be easily removed from the HDPE template after testing. Then a ratio
of 0.8 Ib (351 g) of polyester (filler) to 0.06 oz (1.7 g) methyl ethyl ketone peroxide (hardener)
was mixed and poured into the channel. This ratio is good for allowing enough time to place and
roll the aggregates before the polyester sets. After that, a 1/8-inch (3.18 mm) notched-out plastic
spatula was used to remove the excessive polyester to a level approximately 1/8 inch (3.18 mm)
below the surface of the HDPE template. Next, the HDPE template was placed on a turntable and
slowly rotated while the aggregates were deposited with a scoop of the same width as the
channel. Aggregate particles were then manually placed in areas of the ring that did not receive a
tight arrangement of aggregates. Further, a hard rubber roller, wider than the ring, was rolled
over the full circumference of the ring until the aggregate was flush with the surface of the
HDPE template. Finally, the ring-shaped specimen was left to cure for about 1 hour before
testing. Figure 4-5 shows the main steps.

The aggregate size selected for preparing the ring specimen passes a 3/8-inch sieve and retains
on a 1/4-inch sieve. The aggregates before Micro-Deval abrasion and after Micro-Deval abrasion
were used to fabricate aggregate rings and were subjected to a series of tests.

1/2” depth A

18.5”

w

18.5” !

Figure 4-4. HDPE Template of Aggregate Ring Specimen.
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(©) (d)

Figure 4-5. Ring Specimen Preparation Steps—(a) Apply Grease, (b) Weigh and Mix Filler
and Hardener, (c) Pour the Polyester, (d) Use Notched Spatula to Remove Excessive
Polyester, (e) Place Aggregate Particles, and (f) Roll over the Surface.
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ARTS Test on Aggregate Rings

The laser-based system ARTS was employed to obtain the micro-MPD. This test was originally
developed during TXDOT Project 5-6921-01 (Arambula et al. 2018). As Figure 4-6 shows, the
laser head is mounted onto an arm, which rotates in a circle with a diameter of 284 mm. The
height of the laser head above the surface of the aggregate can be adjusted slightly with the feet
or the mounting blocks at each end of the brass motor support bar. However, no adjustment
should be needed after the initial setup. There is also a circular level mounted in the brass bar for
reference. Four foot-cups (red color) were fabricated and put in the four corners of the HDPE
template to fit the laser equipment; thus, the laser head is best positioned to cover the ring area
and have the appropriate measuring height.

ﬁ 3

(a) o (b)
Figure 4-6. ARTS Device—(a) Top View and (b) Side View.

The ARTS laser is a line laser with a maximum measurable line width of 40 mm, enough to
cover the ring width of 25 mm. The data point interval along the laser line is 0.05 mm, so there
are 800 data points along the line. The laser line is parallel to the arm and perpendicular to the
arm-rotating direction. Thus, the ARTS measurement covers the whole ring-shaped area and
generates a 3D profile (distance [X coordinate], data point position along the laser line

[Y coordinate], and elevation [Z coordinate]). Figure 4-7 shows the ring specimen photo and the
ARTS-generated 3D profile. The stones in the 3D profile are one-to-one mapping to the stones in
the photo. Since ARTS can produce a high-resolution 3D profile, it is ideal for the microtexture
determination of aggregate surface in the rings.
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Elevation, mm

@ (b)
Figure 4-7. Aggregate Ring—(a) Specimen Photo and (b) ARTS 3D Profile (One-to-One
Mapping of Stones).

Figure 4-8 shows the ARTS software user interfaces. Users click the “Start Scanning” button
(Figure 4-8a) to collect data. The laser head will rotate 360 degrees in one direction (forward)
and then 360 degrees reverse (backward). Two separate profile data files will be automatically
collected and be differentiated by adding the suffix of “ _f” (forward) or “ b (backward) to the
corresponding file name. Double-clicking each file name in the user interface of the data
processing software (Figure 4-8b) initiates the identification of the stone surface and the
calculation of the micro-MPD of each stone in the ring. ARTS reports the average MPD values
for all the stones’ surface profile segments. Users can also select any stone and segment on that
stone surface profile to view the corresponding micro-MPD values.
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Figure 4-8. ARTS Software User Interface of (a) Data Collecting and (b) Data Processing.

As shown in Figure 4-9, the computed micro-MPD from the corresponding forward and

backward scans show excellent agreement, aligning right on top of the 45-degree equality line.
There is no systematic bias between the data from the corresponding forward and backward laser

scans, which means that ARTS results have very high repeatability.
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Figure 4-9. Micro-MPD Value Comparison between Forward and Backward Scans.

DFT Test on Aggregate Rings

Figure 4-10 shows the DFT device on aggregate rings. Since the aggregate ring HDPE template
was designed to fit both ARTS and DFT, the three rubber sliders will align with the aggregate
ring surface once the DFT device feet fit in the foot-cups on the HDPE template. The test
followed ASTM E1911 (ASTM 2019), the same specification for measuring pavement surfaces.
More details have been described in Chapter 3 and will not be repeated here.

(a) (b)
Figure 4-10. DFT on Aggregate Ring—(a) Top View and (b) Side View.

Mixture Slab Preparation

To measure the texture and friction of the asphalt mixture, the mixture slabs need to be
fabricated to provide a pavement-like surface. The researchers used an asphalt roller compactor
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to make these slabs. The advantages of this compactor are: (a) aggregate orientation represents
field compaction, (b) the compactor simulates the action of large paving rollers, and (c) the
compaction level can be programmed to target a specific load or thickness. The procedure
followed was ASTM D8079-16 (ASTM 2017d)—Standard Practice for Preparation of
Compacted Slab Asphalt Mix Samples Using a Segmented Rolling Compactor. The dimension
of the rigid specimen mold permits the compaction of a 500 x 400 mm asphalt mixture slab
specimen, as seen in Figure 4-11. The mass of the total asphalt mixture needed to achieve the
desired height (50 mm) is calculated according to the target air voids 7 = 1 percent. The slab's

weight plus the mold is very heavy (around 100 Ib), so tools are needed to help with lifting and
moving.

et

(a) (b)
Figure 4-11. (a) Asphalt Mixture Roller Compactor and (b) Rigid Specimen Mold.

Three-Wheel Polishing on Mixture Slab

The three-wheel polishing test simulates the polishing of asphalt pavement surfaces caused by
vehicular traffic. Figure 4-12 shows the three-wheel polishing device. The device has three
patterned pneumatic tires and can exert 146 + 5 Ib force through the tires to the test surfaces. The
driving mechanism for the vertical shaft is an electric motor geared to rotate the shaft and wheel
assembly at a speed of 60 + 5 revolutions per minute. The automatic counter can shut off the
machine at a predetermined number of revolutions. The tire tread should have a ribbed pattern
and be free of visible contamination. When replacement is necessary, all tires should be replaced
simultaneously with tires having the same tread pattern. The continuous water flush system is a
recirculating system that includes a water reservoir tank, filter screen, pump, and spray bar. The
water is applied uniformly across the surface of the specimen during the polishing such that any
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dislodged material is flushed away. The researchers fabricated two spacers (Figure 4-12) to help
properly position the specimen so that each time the wheels polish the same ring area on the slab.

The test procedure followed was AASHTO PP 104-20 (AASHTO 2020b). One polishing cycle
equals one 360-degree revolution of the three-wheel carriage. The National Center for Asphalt
Technology (NCAT) report (Heitzman et al. 2019) indicates that the slabs with 100,000 cycles
and 150,000 cycles of polishing had similar friction coefficients (the statistical p-value was 0.827
between the two groups, which is larger than 0.05 and means the difference between the groups
is not significant). Therefore, it was suggested that polishing slabs for 100,000 cycles was
adequate to achieve the terminal friction coefficient. In this research, the maximum number of
polishing cycles for each slab was 115,000.

Drive Motor. _ = Power Switch

* 0o 00N
Weighted QW
Polishing g XX "":\ vk
Carriage b 1

Counter
Pneumatic

Tire
Water Spray, Optical Sensor
Bar

Spacer Water Reservoir

Sample and
Holder

RO

Figure 4-12. Three-Wheel P

olishinvice.
DFT Test on Mixture Slab

The DFT test on the mixture slab followed ASTM E1911 (ASTM 2019), the same specification
for measuring pavement surface. More details have been described in Chapter 3 and will not be
repeated here. A hard plastic frame was fabricated to help support and properly position the DFT
device. Four circular-shaped dents were marked to fit the four feet of the DFT device, as seen in
Figure 4-13.
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DFT Foot

@ NG
Figure 4-13. DFT on Mixture Slab—(a) Top View and (b) Side View.

CTM Test on Mixture Slab

The CTM test was conducted according to ASTM E2157: Standard Test Method for Measuring
Pavement Macrotexture Properties Using the Circular Track Meter (ASTM 2015a). More details
have been described in Chapter 3. The same frame used for the DFT test was also used for the
CTM test. As Figure 4-14 shows, the CTM device is aligned according to the line marked on the
frame, ensuring that the CTM laser measured the same polished ring area as the other tests.

ey
Position
Line

Figure 4-14. CTM on Mixture Slab.

66



ARTS Test on Mixture Slab

As mentioned before, the researchers modified and enhanced the ARTS data processing
algorithm and software to handle the pavement and mixture slab surfaces during this project. The
macrotexture determination is needed for mixture slab surfaces but is not necessary for aggregate
rings. More details have been described in Chapter 3. The same frame used for the DFT test was
used to align the ARTS equipment, as seen in Figure 4-15.

ARTS
Foot
Position

Figure 4-15. ARTS Test on Mixture Slab.
TEST RESULTS

RAP from different sources was characterized. In addition, the mixtures of the three field
sections and their corresponding raw aggregates were characterized. Below presents the test
results for the RAP ignition test, aggregate sieving analysis, Micro-Deval test, DFT and ARTS
tests on aggregate rings, and three-wheel polishing/DFT/CTM/ARTS tests on mixture slabs.

To determine if RAP was a contributing factor to low skid numbers, some mixtures were
redesigned by adding/removing RAP or changing the type/percentage of RAP. The
corresponding mixture slabs were molded and evaluated. The results are presented below.

RAP Binder Contents and Aggregate Gradations

The RAP materials characterized were from four sources: (a) RAP stockpile from Knife River
Company, (b) RAP stockpile from Vulcan Materials Company (used in FM 356 surface
mixture), (c) RAP stockpiles from El Paso County (used in IH 10 surface mixture), and

(d) SH 37 surface-milled RAP. Among these RAP materials, the SH 37 RAP was milled from
the SAC-A surface mixture, and the other RAP materials may be a blend from different surface
mixtures. The researchers could not track the original design of these RAP materials. For the

SH 37 RAP, the researchers contacted the Paris District and RK Hall Construction and identified
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several possible SH 37 mixture designs. All designs clearly show the mixture was SAC-A with

very high sandstone percentages.

Figure 4-16 shows the RAP binder contents obtained by the ignition test.

Binder Content (%)

O = N W A~ 0 O N

RAP Binder Content From Ignition Test

6.8
5.1
I 4I5 |

Knife River RAP FM 356 RAP

SH 37 RAP

[H 10 RAP

Figure 4-16. RAP Binder Contents (from the Ignition Test).

The RAP gradation numbers and plots are shown in Table 4-1 and Figure 4-17, respectively.

Table 4-1. RAP Aggregate Sieve Analysis Results.

Sieve Size Knife River RAP SH37RAP FM 356 RAP IH 10 RAP
3/4 100 100 100 100

1/2 93.2 100 98.2 95.8

3/8 83.2 95 924 84.6

No. 4 58.6 76 70.5 60.4

No. 8 41.9 56 53.7 44.2

No. 16 32.6 43 43.5 34.4

No. 30 27.0 36 36.2 27.8

No. 50 20.4 30 23.2 20.3

No. 200 10.6 114 4.6 7.8
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Figure 4-17. RAP Aggregate Gradation Curves.

Field Test Section Raw Aggregate Gradations

The gradations of raw aggregates from the FM 356, IH 20, and IH 10 test section mixtures were
also determined by sieving analysis tests. With the gradation results of raw aggregates, the
researchers were able to check the gradations, confirm that materials were collected from the
correct stockpiles, obtain the needed information for Micro-Deval tests, and redesign the
mixtures by adjusting stockpile percentages. Table 4-2, Table 4-3, and Table 4-4 list the sieve
analysis results of raw aggregates from the FM 356, IH 20, and IH 10 test sections, respectively.

Table 4-2. FM 356 Aggregate Sieve Analysis Results.

Sieve Size Sandstone Limestone  Screenings Sand FM 356 RAP
3/4 100.0 99.0 100.0 100.0 100.0

1/2 99.3 63.0 100.0 100.0 98.2

3/8 72.7 30.0 100.0 100.0 92.4

No. 4 11.4 4.0 100.0 100.0 70.5

No. 8 2.7 3.0 88.7 99.9 53.7

No. 16 2.3 3.0 58.6 99.7 43.5

No. 30 2.2 2.0 39.7 97.2 36.2

No. 50 2.2 2.0 25.1 59.4 23.2

No. 200 2.0 1.7 5.0 0.5 4.6
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Table 4-3. IH 20 Aggregate Sieve Analysis Results.

Sieve Size Igneous 1/2 Igneous 3/8 IS%r;ggrl:?ngs Sand
3/4 100.0 100.0 100.0 100.0
1/2 99.5 100.0 100.0 100.0
3/8 91.0 99.0 100.0 99.5
No. 4 31.3 38.0 96.9 97.2
No. 8 7.2 9.0 74.0 96.0
No. 16 3.7 5.0 49.9 95.0
No. 30 3.1 3.0 33.8 92.2
No. 50 2.9 2.0 22.5 71.5
No. 200 2.2 1.5 10.7 6.4
Table 4-4. IH 10 Aggregate Sieve Analysis Results.

Sieve Size Igneous Limestone  Screenings :QI:IA\%,O
3/4 100.0 100.0 100.0 100.0
1/2 73.9 100.0 100.0 95.8
3/8 52.4 84.0 100.0 84.6
No. 4 15.3 25.0 99.6 60.4
No. 8 4.1 5.0 79.6 44.2
No. 16 2.6 3.0 52.0 34.4
No. 30 2.2 3.0 35.1 27.8
No. 50 1.9 3.0 24.3 20.3
No. 200 1.3 2.3 14.3 7.8

Figure 4-18, Figure 4-19, and Figure 4-20 show the gradation comparison of raw aggregates
from the FM 356, IH 20, and IH 10 test section mixtures, respectively. In the legends, “In
Design” indicates the gradation curves are based on the original design numbers; “TTI Sampled”
indicates the curves are based on the test data from the collected raw aggregate materials.
Overall, the “TTI Sampled” aggregate gradation matches the gradation of the original design.
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Figure 4-18. FM 356 Aggregate Gradation Comparison—(a) Sandstone, (b) Limestone,
(c) Screenings, (d) Sand, and (e) RAP.
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Figure 4-19. IH 20 Aggregate Gradation Comparison—(a) Igneous 1/2, (b) Igneous 3/8,
(c) Igneous Screenings, and (d) Sand.
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Figure 4-20. IH 10 Aggregate Gradation Comparison—(a) Igneous, (b) Limestone,
(c) Screenings, and (d) RAP.

Micro-Deval Results

The Micro-Deval test sample needs to be prepared based on the stockpile gradations. Table 4-5
lists the weight and total revolutions in the specification Tex-461-A (TxDOT 2016b). The
specification indicates the “use [0f] Gradations A and B for coarse aggregate stockpiles and
Gradation C for coarse and intermediate aggregate stockpiles that best match the material
sampled.” According to the previous gradation results, all RAP materials belong to the
intermediate aggregate stockpile, and Gradation C should be used. For the other coarse raw
aggregates, Gradation B or C should be used, depending on their specific gradations. Note that
Gradation B and C material have different testing times (105 minutes versus 95 minutes).
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Table 4-5. Aggregate Weights for Preparing Test Samples (Tex-461-A).
Individual Retained Sieve Weights, g

Sieve Size Gradation ~ Gradation ~ Gradation Fine
A B C Aggregate

3/4-1/2 inch 660 £ 5 — — —
1/2-3/8 inch 3305 750+ 5 — —
3/8-1/4 inch 3305 375+5 750 £ 5 —
1/4 inch—#4 180+5 375+5 750 £ 5 —
#4—+#8 — — — 50+1
#8+#16 — — — 125+1
#16-#30 — — — 125+1
#30-#50 — — — 100+1
#50—+#100 — — — 75+1
#100—+200 — — — 25+1
Total Weight, g 1,500 £ 5 1,500 £ 5 1,500 £ 5 500+ 5
Timer, minutes 120+1 1051 95+1 15+5

Note: — means not applicable.

Figure 4-21 shows the Micro-Deval test results for the aggregates. For each aggregate, two
Micro-Deval specimens were prepared and tested. The test result differences between two
replicates are usually less than 10 percent.

Since the percentage of retaining on the No. 4 sieve of RAP is usually small (less than

50 percent), the ignition test has to be conducted many (sometimes more than 10) times to obtain
enough RAP aggregates for the Micro-Deval tests. The RAP aggregate Micro-Deval test is more
time-consuming compared to other raw aggregates. In addition, Figure 4-21 shows that RAP
aggregates have a larger Micro-Deval percent loss than the other raw aggregates (except SH 37
RAP). One possible reason is that the ignition method may change the properties of some
aggregates due to the generation of micro-cracks in the aggregate by heat (Han et al. 2011).
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Micro-Deval Results
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Figure 4-21. Micro-Deval Test Results.
Aggregate DFT Results

For each type of aggregate, four aggregate rings were made to determine the friction number and
texture—two rings using the aggregate before the Micro-Deval (BMD) test and two rings using
the aggregate after the Micro-Deval (AMD) test. Figure 4-22 shows an example (IH 10 RAP
aggregate rings).

IHI0RAP BMD |
IHI0RAPBMD 2.

IHio ¥S
RAP AMD | 88 1HI0 RAP AMD 2

Figure 4-22. IH 10 RAP Aggregae ings.

Three repeated runs were conducted on each aggregate ring for each DFT test. Two speeds were
selected to describe the DFT number at 20 km/h and 60 km/h to represent the low and high

speeds. These parameters were estimated as the average of the three repeated runs at the
corresponding speed.
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Figure 4-23 shows the DFT test results. Each number in the figure is the average value of two
replicates (aggregate ring specimens). The AMD DFT numbers are significantly smaller than the
BMD DFT numbers.
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Figure 4-23. DFT Test Results at (a) 20 km/h and (b) 60 km/h.
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Figure 4-24 shows the ARTS micro-MPD results. Each number in the figure is the average value
of two replicates (aggregate ring specimens). The comparison between the two ring specimens is
shown in Figure 4-25, which indicates the ARTS test is quite repeatable.
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Figure 4-25. Comparison of ARTS Micro-MPD Values between Two Specimens.

Mixture Slab DFT Results

For each field section mixture, at least two slabs were fabricated. Each slab would be polished by
a three-wheel polish machine and eventually go through 115,000 cycles. The researchers stopped
the polishing at 500, 1,500, 3,000, 6,000, 10,000, 15,000, 25,000, 40,000, 60,000, 85,000 and
115,000 cycles to conduct the DFT test, CTM test, and ARTS test. The changing of the texture
(micro- and macro-MPD) and the friction number during polishing were then investigated.
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The FM 356 mixture slabs and DFT test results are shown in Figure 4-26 and Figure 4-27,
respectively. As seen in Figure 4-27, the DFT values first increased, and the maximum DFT
values occurred at approximately 500-2,000 polish cycles. After reaching a peak point, the DFT
values decreased as the polish cycle increased. This pattern is due to the development of early
surface roughness or the textures of the coated aggregate particles by removing the excess binder
from the surface and exposing the aggregate (Wu et al. 2016). The DFT values reached a
relatively stable number at around 100,000 cycles.

(@) (b)
Figure 4-26. FM 356 Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-27. DFT Test Results on FM 356 Mixture Slabs at (a) 20 km/h and (b) 60 km/h.

The IH 20 mixture slabs and DFT test results are shown in Figure 4-28 and Figure 4-29,

respectively.
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(a) (b)
Figure 4-28. IH 20 Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-29. DFT Test Results on IH 20 Mixture Slabs at (a) 20 km/h and (b) 60 km/h.
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The IH 10 mixture slabs and DFT results are shown in Figure 4-30 and Figure 4-31, respectively.

(a) (b)
Figure 4-30. IH 10 Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-31. DFT Test Results on IH 10 Mixture Slabs at (a) 20 km/h and (b) 60 km/h.
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Figure 4-32 shows the comparison among the three mixtures in which each DFT value is the
average between Slab 1 and Slab 2. The ranking of the DFT number on the mixture slabs is
IH 20 > FM 356 > IH 10, which is consistent with the DFT results on the field pavements
presented in Chapter 3.
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Figure 4-32. DFT Results Comparison among Field Section Mixtures.

Mixture Slab CTM Results

Figure 4-33, Figure 4-34, and Figure 4-35 show the CTM macro-MPD results for the FM 356,

IH 20, and IH 10 mixture slabs, respectively. The macro-MPD of FM 356 and IH 10 increased as
the polish cycles increased; the macro-MPD of IH 20 did not change much during polishing. By
checking the slabs and the photos (Figure 4-26, Figure 4-28, and Figure 4-30), the researchers
found both the FM 356 slabs and IH 10 slabs had noticeable missing fine particles (or binders),
which may be the reason for the significant increase of the macro-MPD.
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Figure 4-33. CTM Macro-MPD on FM 356 Mixture Slabs.
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Figure 4-34. CTM Macro-MPD on IH 20 Mixture Slabs.
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Figure 4-35. CTM Macro-MPD on IH 10 Mixture Slabs.

Figure 4-36 shows the CTM macro-MPD comparison among the three mixtures in which each
CTM macro-MPD value is the average between Slab 1 and Slab 2. The ranking of the CTM
macro-MPD on the mixture slabs is FM 356 > IH 20 > IH 10, which is not consistent with the
DFT results on the slabs or field pavements. This ranking is not consistent with the field CTM
macro-MPD either since no significant distress (such as bleeding, cracking, stripping, raveling,
etc.) appeared on the pavement surface during the field evaluation.
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Figure 4-36. CTM Macro-MPD Comparison among Field Section Mixtures.
Mixture Slab ARTS Results

Figure 4-37, Figure 4-38, and Figure 4-39 show the ARTS macro-MPD and micro-MPD results
for the FM 356, IH 20, and IH 10 mixture slabs. Overall, the ARTS macro-MPD results are close
to the CTM macro-MPD results. The micro-MPD results show the values first increased, and the
maximum micro-MPD values occurred after 20,000 polish cycles. After reaching this peak point,
the micro-MPD values started to decrease as the polish cycle increased, but the value at the end
was still higher than the value before polishing. One possible reason is that the binder coated the
aggregate and showed less microtexture in the beginning. The polishing removed the binder from
the surface and exposed the aggregate texture. Unlike the DFT test, the micro-MPD values
peaked much later than the peak of the DFT values.
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Figure 4-37. ARTS Test Results on FM 356 Mixture Slabs—(a) Macro-MPD and
(b) Micro-MPD.

85



ARTS Macro-MPD
—=—|H 20_0RAP (Original) Slabl  —s—IH 20_0RAP (Original) Slab2

0.8

E + L i = =
E 06 W -— -
) M

0.4

Macro-MP
o
[

=

0 20000 40000 60000 80000 100000 120000
Polish Cycles
(a)
ARTS Micro-MPD
—&—|H 20_0ORAP (Original) Slabl —s—IH 20_ORAP (Original) Slab2

0.0e
0.05 o

= —

0 20000 40000 60000 80000 100000 120000
Polish Cycles

(b)
Figure 4-38. ARTS Test Results on IH 20 Mixture Slabs—(a) Macro-MPD and (b) Micro-
MPD.
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Figure 4-39. ARTS Test Results on IH 10 Mixture Slabs—(a) Macro-MPD and (b) Micro-
MPD.

Figure 4-40 shows the ARTS test results comparison among the three mixtures. Again, the
ARTS macro-MPD results are close to the CTM macro-MPD results. For the micro-MPD, the
ranking is FM 356 > IH 20 > IH 10, which is not consistent with the DFT results on the slabs or

field pavements.
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Figure 4-40. ARTS Test Results Comparison among Field Section Mixtures—(a) Macro-
MPD and (b) Micro-MPD.

Mixture Redesign and DFT Results

IH 20 had no RAP in the original mixture designs, while FM 356 and IH 10 had 20 percent RAP.
The researchers redesigned the mixtures by removing/adding RAP and checking how their DFT
values would be affected. The redesigned mixtures presented in this technical memorandum
include: (a) IH 20 mixture with 15 percent RAP (SH 37), (b) IH 20 mixture with 30 percent RAP
(SH 37), (c) IH 10 mixture with 0 RAP, and (d) IH 10 mixture with 15 percent RAP (SH 37).
The stockpile percentages in the redesigned mixtures were adjusted to make the final blended
aggregate gradation the same as (or very close to) the original designs. The corresponding
mixture design, slab photos, and DFT results are presented below.

Figure 4-41, Figure 4-42, and Figure 4-43 show the mixture design, slab photos, and DFT results
of the IH 20 mixture with 15 percent RAP (SH 37). The stockpile percentages are 38.3 percent
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igneous 1/2 inch, 16 percent igneous 3/8 inch, 25 percent igneous screenings, 6 percent field
sand, and 15 percent SH 37 RAP.
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Figure 4-41. Mixture Design of IH 20 with 15 Percent RAP (SH 37).

(@) (b)
Figure 4-42. IH 20 with 15 Percent RAP (SH 37) Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-43. DFT Test Results on IH 20 with 15 Percent RAP (SH 37) Mixture Slabs at
(a) 20 km/h and (b) 60 km/h.

Figure 4-44, Figure 4-45, and Figure 4-46 show the mixture design, slab photos, and DFT results
of the IH 20 mixture with 30 percent RAP (SH 37). The stockpile percentages are 45 percent
igneous 1/2 inch, 4 percent igneous 3/8 inch, 19.5 percent igneous screenings, 2.1 percent field
sand, and 30 percent SH 37 RAP.
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Figure 4-44. I1H 20 with 30 Percent RAP (SH 37) Mixture Design.

() (b)
Figure 4-45. IH 20 with 30 Percent RAP (SH 37) Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-46. DFT Test Results on IH 20 with 30 Percent RAP (SH 37) Mixture Slabs at
(a) 20 km/h and (b) 60 km/h.

Figure 4-47, Figure 4-48, and Figure 4-49 show the mixture design, slab photos, and DFT results
of the IH 10 mixture with no RAP. The stockpile percentages are 27.6 percent igneous 3/4 inch,
34.5 percent limestone 3/8 inch, and 38 percent limestone screenings.
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Figure 4-47. IH 10 with 0 Percent RAP Mixture Design.

(a) (b)
Figure 4-48. IH 10 with 0 Percent RAP Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-49. DFT Test Results on IH 10 with 0 Percent RAP Mixture Slabs at (a) 20 km/h
and (b) 60 km/h.

Figure 4-50, Figure 4-51, and Figure 4-52 show the mixture design, slab photos, and DFT results
of the IH 10 mixture with 15 percent RAP (SH 37). The stockpile percentages are 27 percent
igneous 3/4 inch, 30.3 percent limestone 3/8 inch, 28 percent limestone screenings, and

15 percent SH 37 RAP.
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Figure 4-50. IH 10 with 15 Percent RAP (SH 37) Mixture Design.
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Figure 4-51. IH 10 with 15 Percent RAP (SH 37) Mixture—(a) Slab 1 and (b) Slab 2.
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Figure 4-52. DFT Test Results on IH 10 with 15 Percent RAP (SH 37) Mixture Slabs at
(a) 20 km/h and (b) 60 km/h.

Figure 4-53 shows the DFT test results comparison of the IH 20 mixtures. The figure clearly
shows that adding SH 37 RAP (SAC-A RAP) increases the DFT values of the IH 20 mixture.
The ranking is IH 20_30 percent RAP (SH 37) > IH 20_15 percent RAP (SH 37) > 1H 20_0
RAP.
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Figure 4-53. DFT Test Results Comparison among IH 20 Redesigned Mixtures at
(@) 20 km/h and (b) 60 km/h.

Figure 4-54 shows the DFT test results comparing the IH 10 mixtures. The figure shows that
removing the RAP from the IH 10 original design did not improve the DFT values. Replacing
the original RAP with the SH 37 RAP (SAC-A) significantly improved the DFT values. The
ranking is IH_15 percent RAP (SH 37) >1H 10 _20 percent RAP (Original) > 1H 10_0 RAP.
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Figure 4-54. DFT Test Results Comparison among IH 10 Redesigned Mixtures at
(a) 20 km/h and (b) 60 km/h.

The test results of these redesigned mixtures indicate that SAC-A RAP can significantly improve
the DFT value of asphalt mixtures. The aggregate ring DFT values of IH 10 RAP is higher than
limestone, which explains why removing the RAP from the IH 10 mixture did not improve the
DFT numbers of the mixture.

ASSEMBLE TEST INFORMATION AND DETERMINE BLENDED DFT

In this section, the researchers combined the aggregate DFT values into blended DFT values for
each asphalt mixture. The relationship between the blended DFT value and the mixture slab DFT
value was also investigated. The blended DFT calculation method is similar to that used by
Maryland DOT (MDOT) (MDOT 20123, 2012b, and 2016) and TXxDOT Soils and Aggregates
Section (lzzo 2020). Both TXDOT and MDOT methods assume a constant number, 0.3, for all
RAP aggregate DFT since the RAP aggregate DFT is not measured in either method.
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In the MDOT method, the aggregate retaining on a 3/8-inch sieve is thought of as coarse
aggregate. In contrast, in the TXDOT method, the aggregate retaining on No. 4 (3/16 inch) or
No. 8 (3/32 inch) sieve is thought of as coarse aggregate. As seen in Figure 4-55a, the MDOT
aggregate ring size is larger than the TxDOT aggregate ring size. The aggregate size selected for
the MDOT ring is between 1/2 inch and 3/8 inch, and the material required is around 7 Ib for a
single layer. After pouring the epoxy into the steel mold and reaching a satisfactory bonding, the
sample will go through 100,000 cycles of three-wheel polishing (Figure 4-55b) before the DFT

test.

(a) (b)
Figure 4-55. MDOT (a) Aggregate Ring and (b) Polishing Before DFT Measurement.

In this research, the TXDOT method was adopted since the aggregate size for the ring is between
3/8 inches and 1/4 inches. The blended DFT values were determined based on the aggregates
retaining on No. 4 or No. 8 sieve were compared. The measured RAP aggregate ring DFT values
were employed and compared with the result of using constant number 0.3. The calculation tried
and compared the aggregate DFT values of both BMD and AMD.

Summary of Aggregate DFT Values

The aggregate DFT values used for the blended DFT calculation are summarized in Table 4-6.
Since there is no significant difference between DFT at 60 km/h and DFT at 20 km/h, only DFT

at 20 km/h values (both BMD and AMD) are used hereafter.
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Table 4-6. Summary of Aggregate DFT Values.

Mixture DFT of DFT of DFT of DFT of
Name Stockpile Quarry BMD at BMD at AMDat AMD at
20 km/h 60 km/h 20 km/h 60 km/h

FM 356  Sandstone Brownlee 0.61 0.58 0.45 0.39

FM356 Limestone Mol 0.45 0.46 0.31 0.30
Falls

FM 356 RAP — 0.51 0.51 0.45 0.43

IH 20 Igneous Jones Mill 0.47 0.44 0.32 0.31

IH 10 Limestone Ned Finney 0.39 0.40 0.20 0.22

IH 10 Igneous Padre 0.57 0.55 0.38 0.37
Canyon

IH 10 RAP — 0.46 0.44 0.34 0.33

— RAP(SH37) — 0.57 0.54 0.49 0.43

Note: — means not applicable.

Blended DFT Calculation for FM 356/1H 10/1H 20 Mixtures

The blended DFT calculation was based on the stockpile gradation and the percentage of
retaining on the No. 4 or No. 8 sieve. The DFT of fine aggregates was assigned the same value as
the coarse aggregate if the aggregates were from the same quarry and had the same product code.
The DFT values of the sand stockpile were assumed to be 40 (BMD) and 30 (AMD); however,
these numbers did not affect the blended results since the percentage of retaining on the No. 8

was 0.

Figure 4-56, Figure 4-57, and Figure 4-58 show the blended DFT calculation for the FM 356,
IH 20, and IH 10 mixtures, respectively.
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Adgaregate Bin Nod1 |Bin No.2 |Bin No.3 Bin No.4 [Bin No.5 |Bin No.8
Source: Sandstone Limestone_|Limestone_ | Washed Lime Fractionated

) Dolomite |Dolomite Sand RAP
Bin % 29 10 249 15 1 201
No. 4, Cum % Passing 5.9 1.8 99 8 100 100 72
Retained on No. 4, % 94 1 982 02 0 0 28
% Used 27 .289 982 0.0498 0 0 5628
Normalized 63.78 2295 0.12 0.00 0.00 13.15
Aggregate DFT (BMD) *100 [61.00 45.00 4500 40.00 0.00 51.00
Aggregate DFT (AMD) *100 [45.00 31.00 31.00 30.00 0.00 45.00
Stockpile DFT (AMD) *100  |38.91 10.33 0.05 0.00 0.00 6.71
Stockpile DFT (AMD)*100 28.70 7.11 0.04 0.00 0.00 592

(@)

Aggregate Bin No.1 |Bin No.2 Bin No.3 |Bin No.4 |Bin No.5 |Bin No.8
Source: Sandstone Limestone_ [Limestone_ | Washed Lime Fractionated

’ Dolomite Dolomite |Sand RAP
Bin % 29 10 249 15 1 20.1
No. 8, Cum % Passing 2 14 787 100 100 50
Retained on No. 8, % 98 98.6 213 0 0 50
% Used 2842 9.86 5.3037 0 0 10.05
Normalized 5299 18.38 9.89 0.00 0.00 18.74
Aggregate DFT (BMD) *100 |61.00 45.00 4500 40.00 0.00 51.00
Aggregate DFT (AMD) *100 |45.00 31.00 31.00 30.00 0.00 45.00
Stockpile DFT (AMD) *100 3232 8.27 445 0.00 0.00 9.56
Stockpile DFT (AMD)*100 23.85 570 3.07 0.00 0.00 8.43

(b)

Figure 4-56. FM 356 Mixture Blended DFT Results Based on the Retaining of (a) the No. 4

Sieve and (b) the No. 8 Sieve.

101




Adadregate Bin No.1 |Bin No.2 |Bin No.3 |Bin No.4
Source: Igneous lgneous Igneous FIELD SAND
Bin % 50 10 30 10
No. 4, Cum % Passing 34.3 35 95.4 100
Retained on No. 4, % 65.7 65 4.6 0
% Used 32.85 6.5 1.38 0
Normalized 80.65 15.96 3.39 0.00
Aggregate DFT (BMD) *100 [47.00 47.00 47.00 40.00
Aggregate DFT (AMD) *100 [32.00 32.00 32.00 30.00
Stockpile DFT (AMD) *100 37.91 7.50 1.59 0.00
Stockpile DFT (AMD)*100 2581 5.11 1.08 0.00

(a)
Adgaregate Bin No.1 Bin No.2 Bin No.3 Bin No.4
Source: Ilgneous Igneous lgneous FIELD SAND
Bin % 50 10 30 10
No. 8, Cum % Passing 9.6 7.8 71.2 100
Retained on No. 8, % 90.4 92.2 28.8 0
% Used 45.2 9.22 8.64 0
Normalized 71.68 14.62 13.70 0.00
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00
Stockpile DFT (AMD) *100 |33.69 6.87 6.44 0.00
Stockpile DFT (AMD)*100 |22.94 4.68 4.38 0.00

(b)

Figure 4-57. IH 20 Mixture Blended DFT Results Based on the Retaining of (a) the No. 4
Sieve and (b) the No. 8 Sieve.
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Adggregate Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: IANEOUS Limestone_|Limestone__ |Fractionated

) 9 Dolomite Dolomite RAP
Bin % 28 25.1 27 19.9
No. 4, Cum % Passing 5 30 99 73
Retained on No. 4, % 95 70 1 27
% Used 26.6 17.57 0.27 5.373
Normalized 53.40 35.27 0.54 10.79
Aggregate DFT (BMD) *100 |57.00 39.00 39.00 46.00
Aggregate DFT (AMD) *100 |38.00 20.00 20.00 34.00
Stockpile DFT (AMD) *100 30.44 13.76 0.21 4.96
Stockpile DFT (AMD)*100 20.29 7.05 0.11 3.67

(a)

Aggregate Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lGNEoUS Limestone_ |Limestone_ |Fractionated

’ 9 Dolomite Dolomite RAP
Bin % 28 25.1 27 19.9
No. 8, Cum % Passing 4 4 83 47
Retained on No. 8, % 96 96 17 53
% Used 26.88 24.096 4.59 10.547
Normalized 40.66 36.45 6.94 15.95
Aggregate DFT (BMD) *100 |57.00 39.00 39.00 46.00
Aggregate DFT (AMD) *100 |38.00 20.00 20.00 34.00
Stockpile DFT (AMD) *100 23.17 14.21 2.71 7.34
Stockpile DFT (AMD)*100 15.45 7.29 1.39 5.42

(b)

Figure 4-58. IH 10 Mixture Blended DFT Results Based on the Retaining of (a) the No. 4
Sieve and (b) the No. 8 Sieve.

The blended DFT results for the three mixtures are summarized in Table 4-7. These numbers are
calculated based on the measured RAP aggregate DFT values.
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Table 4-7. Summary of Blended DFT Values Using Measured RAP DFT.
Mixture Blended Blended Blended DFT * Blended DFT *
Name DFT*100 DFT*100 100 (AMD, +#4) 100 (AMD, +#8)

(BMD, (BMD,
+#4) +#8)
FM 356 56.0 54.6 41.8 41.0
IH 20 47.0 47.0 32.0 32.0
IH 10 494 474 31.1 29.6

According to Table 4-7, the FM 356 mixture had significantly higher blended DFT numbers than
the other two mixtures; the IH 20 and IH 10 mixtures had close numbers. The blended DFT
numbers ranking high to low are FM 356 > IH 10 > IH 20 based on the BMD, and FM 356 > IH
20 > IH 10 based on the AMD. However, neither rankings are consistent with the lab-molded
mixture slab test or the field test result. The DFT ranking of the mixture slab and field pavement
surface is IH 20 > FM 356 > IH 10.

Table 4-8 summarizes the blended DFT results using the constant number 0.3 for all RAP
aggregate DFT values (BMD and AMD). Since 0.3 is smaller than the measured RAP aggregate
DFT values (Table 4-6), the blended DFT values for FM 356 and IH 10 are getting smaller, but
the ranking is unchanged.

Table 4-8. Summary of Blended DFT Values Using Constant RAP DFT (0.3).

Mixture Blended Blended Blended DFT * Blended DFT *
Name DFT *100 DFT*100 100 (AMD, +#4) 100 (AMD, +#8)
(BMD, (BMD,
+#4) +#8)
FM 356 53.2 50.7 39.8 38.2
IH 20 47.0 47.0 32.0 32.0
IH 10 47.6 449 30.7 28.9

Blended DFT Calculation for Redesigned IH 20 Mixtures

Figure 4-59 and Figure 4-60 show the blended DFT calculation for the redesigned IH 20

mixtures.
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Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lgneous lgneous lgneous FIELD SAND Fractionated RAP
Bin % 38.3 16 25 6 14.7

No. 4, Cum % Passing 34.3 35 954 100 75.8
Retained on No. 4, % 65.7 65 46 0 242

% Used 25.1631 104 1.15 0 3.5574
Nomalized 62.49 25.83 2.86 0.00 8.83
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 29.37 12.14 1.34 0.00 5.04
Stockpile DFT (AMD)*100 20.00 8.26 0.91 0.00 4.33

(a)

Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lgneous lgneous lgneous FIELD SAND Fractionated RAP
Bin % 38.3 16 25 6 14.7

No. 8, Cum % Passing 9.6 7.8 71.2 100 56
Retained on No. 8, % 90.4 92.2 28.8 0 44
% Used 34.6232 14.752 7.2 0 6.468
Normalized 54.92 23.40 11.42 0.00 10.26
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 25.81 11.00 5.37 0.00 5.85
Stockpile DFT (AMD)*100 17.57 7.49 3.65 0.00 5.03

(b)

Figure 4-59. IH 20 with 15 Percent RAP (SH 37) Mixture Blended DFT Results Based on
the Retaining of (a) the No. 4 Sieve and (b) the No. 8 Sieve.
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Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 |Bin No.8
Source: lgneous lgneous lgneous Fractionated RAP
Bin % 45 4 19 2 30
No. 4, Cum % Passing 34.3 35 95.4 100 75.8
Retained on No. 4, % 65.7 65 4.6 0 24.2
% Used 29.565 2.6 0.874 0 7.26
Nomalized 73.36 6.45 2.17 0.00 18.02
Aggregate DFT (BMD) *100 47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 34.48 3.03 1.02 0.00 10.27
Stockpile DFT (AMD)*100 23.48 2.06 0.69 0.00 8.83
(a)
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lgneous lgneous lgneous Fractionated RAP
Bin % 45 4 19 2 30
No. 8, Cum % Passing 9.6 7.8 71.2 100 56
Retained on No. 8, % 90.4 92.2 28.8 0 44
% Used 40.68 3.688 5.472 0 13.2
Nomalized 64.53 5.85 8.68 0.00 20.94
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 30.33 2.75 4.08 0.00 11.94
Stockpile DFT (AMD)*100 20.65 1.87 2.78 0.00 10.26
(b)

Figure 4-60. IH 20 with 30 Percent RAP (SH 37) Mixture Blended DFT Results Based on
the Retaining of (a) the No. 4 Sieve and (b) the No. 8 Sieve.

The blended DFT results for the IH 20 mixtures are summarized in Table 4-9 (using measured
RAP DFT) and Table 4-10 (using the constant RAP DFT, 0.3).

106



Table 4-9. IH 20 Redesigned Mixture Blended Values Using Measured RAP DFT.

Mixture Name Blended DFT Blended Blended DFT Blended DFT
*100 (BMD, DFT * 100 *100 (AMD, *100 (AMD,
+#4) (BMD, +#8) +#4) +#8)
IH 20_ORAP (Original) 47.0 47.0 32.0 32.0
IH 20_15% RAP (SH 37) 47.9 48.0 335 33.7
IH 20_30% RAP (SH 37) 48.8 49.1 35.1 35.6

Table 4-10. IH 20 Redesigned Mixture Blended DFT Using Constant RAP DFT (0.3).

Mixture Name Blended DFT Blended DFT Blended DFT Blended DFT
*100 (BMD, *100(BMD, *100(AMD, *100(AMD,
+#4) +#8) +#4) +#8)
IH 20_ORAP (Original) 47.0 47.0 32.0 32.0
IH 20_15% RAP (SH 37) 455 45.3 31.8 31.8
IH 20_30% RAP (SH 37) 43.9 43.4 31.6 31.6

According to the IH 20 slab mixture DFT results, the DFT ranking is IH 20_30% RAP (SH 37) >
IH 20 _15% RAP (SH 37) > IH 20_0 RAP, which is consistent with the ranking in Table 4-9. The
ranking in Table 4-10 contrasts with this ranking. Table 4-10 indicates that assuming a constant
number for RAP may lead to an unreasonable blended DFT and a wrong prediction of mixture

skid resistance.

Blended DFT Calculation for Redesigned IH 10 Mixtures

Figure 4-61 and Figure 4-62 show the blended DFT calculation for the redesigned IH 10

mixtures.
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Aggregate Bin No.2 |Bin No.3 |Bin No.4
Limestone_ |Limestone_

Source: lgneous Dolomite Dolomite
Bin % 27.5 34.5 38

No. 4, Cum % Passing 5 30 99
Retained on No. 4, % 95 70 1

% Used 26.125 24.15 0.38
Normalized 51.57 47.68 0.75

Aggregate DFT (BMD) *100 |57.00  [39.00 39.00

Aggregate DFT (AMD) *100 |38.00 20.00 20.00

Stockpile DFT (AMD) *100  [29.40  |18.59 0.29

Stockpile DFT (AMD)*100 19.60 9.54 0.15
(@)
Aggregate Bin No.2 |Bin No.3 |Bin No.4
Source: laneous Limestone_ |Limestone_
) 9 Dolomite Dolomite

Bin % 27.5 34.5 38

No. 8, Cum % Passing 4 4 83
Retained on No. 8, % 96 96 17

% Used 26.4 33.12 6.46
Normalized 40.01 50.20 9.79

Aggregate DFT (BMD) *100 |57.00 39.00 39.00

Aggregate DFT (AMD) *100 |38.00 20.00 20.00

Stockpile DFT (AMD) *100  |22.81 19.58 3.82
Stockpile DFT (AMD)*100  |15.20 10.04 1.96
(b)

Figure 4-61. IH 10 with 0 RAP Mixture Blended DFT Results Based on the Retaining of
(a) the No. 4 Sieve and (b) the No. 8 Sieve.
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Aggregate Bin No.2 Bin No.3 |Bin No.4 |Bin No.8
Source: laneous Limestone_ | Limestone_ | Fractionated
' L Dolomit _ |Dolomit  |RAP

Bin % 27 30.3 28 14.7

No. 4, Cum % Passing 5 30 99 75.8
Retained on No. 4, % 95 70 1 24.2

% Used 25.65 21.21 0.28 3.5574
Normalized 50.59 41.84 0.55 7.02
Aggregate DFT (BMD) *100 |57.00 39.00 39.00 57.00
Aggregate DFT (AMD) *100 |38.00 20.00 20.00 49.00
Stockpile DFT (AMD) *100 28.84 16.32 0.22 4.00
Stockpile DFT (AMD)*100 19.23 8.37 0.11 3.44

(a)

Aggregate Bin No.2 |Bin No.3 |Bin No.4 |Bin No.8
Source: laNEOUS Limestone_ |Limestone_ |Fractionated

ource: g o  Dolonit B
Bin % 27 30.3 28 14.7
No. 8, Cum % Passing 4 4 83 56
Retained on No. 8, % 96 96 17 44
% Used 25.92 29.088 4.76 6.468
Normalized 39.13 43.92 7.19 9.77
Aggregate DFT (BMD) *100 |57.00 39.00 39.00 57.00
Aggregate DFT (AMD) *100 |38.00 20.00 20.00 49.00
Stockpile DFT (AMD) *100 22.31 17.13 2.80 5.57
Stockpile DFT (AMD)*100 14.87 8.78 1.44 4.78

(b)

Figure 4-62. IH 10 with 15 Percent RAP (SH 37) Mixture Blended DFT Results Based on
the Retaining of (a) the No. 4 Sieve and (b) the No. 8 Sieve.

The blended DFT results for the IH 10 mixtures are summarized in Table 4-11 (using measured
RAP DFT) and Table 4-12 (using the constant RAP DFT, 0.3).
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Table 4-11. IH 10 Redesigned Mixture Blended Values Using Measured RAP Aggregate

DFT.
Mixture Name Blended DFT Blended DFT Blended DFT Blended DFT
*100 (BMD, *100 (BMD, * 100 (AMD, *100 (AMD,
+#4) +#8) +#4) +#8)
IH 10_20% RAP (Original) 49.4 47.4 31.1 29.6
IH10 O RAP 48.3 46.2 29.3 27.2
IH 10_15% RAP (SH 37) 49.4 47.8 31.1 29.9

Table 4-12. IH 10 Redesigned Mixture Blended DFT Values Using Constant RAP

DFT (0.3).
Mixture Name Blended DFT Blended DFT Blended DFT Blended DFT
*100 (BMD, *100 (BMD, *100 (AMD, *100 (AMD,
+#4) +#8) +#4) +#8)
IH 10_20% RAP (Original) 47.6 449 30.7 28.9
IH10 0 RAP 48.3 46.2 29.3 27.2
IH 10_15% RAP (SH 37) 475 45.2 29.8 28.0

According to the IH 10 slab mixture DFT results, the DFT ranking is IH_15% RAP (SH 37) >

IH 10 _20% RAP (Original) > IH 10_0 RAP, which is consistent with the ranking in Table 4-11.
The ranking in Table 4-12 is not consistent with the mixture slab DFT ranking. This difference in
the rankings confirms the necessity of using measured RAP aggregate DFT values when
applying the blended DFT method.

For redesigned mixtures, although the blended DFT ranking (using the measured aggregate DFT)
shows consistency with the mixture slab DFT ranking, the increase of blended DFT values seems
much smaller than the increase of mixture slab DFT values when incorporating SAC-A RAP.
One reason might be that the benefit of SAC-A RAP was underestimated if only accounting for
coarse aggregate (retaining on the No. 4 or No. 8 sieve). For example, more than 50 percent of
the SH 37 RAP aggregate component is the fine aggregate (76 percent passing No. 4 sieve and
56 percent passing No. 8 sieve), which might also increase the mixture slab DFT values but was
ignored in the blended DFT calculation.

SUMMARY AND CONCLUSIONS

In this chapter, the researchers performed aggregate testing and mixture tests. The test types
include an ignition test, a sieve analysis test, a Micro-Deval test, DFT and ARTS tests on
aggregate rings, a three-wheel polishing test on mixture slabs, a DFT test, and a laser texturing
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test (ARTS and CTM) at certain polished cycles on mixture slabs, etc. The materials included
FM 356, IH 20, and IH 10 mixture slabs fabricated using the corresponding raw aggregates. In
addition, these mixtures were redesigned by adding/removing RAP or changing the
type/percentage of RAP. The corresponding mixture slabs were fabricated and evaluated.

By assembling all the lab test and field test information, the conclusions and findings are
summarized as follows:

The aggregate sieve analysis results confirm that the raw aggregates for each mixture
were correctly collected, and the gradations agree with the original design.

The Micro-Deval results show that the RAP aggregates may have a larger Micro-Deval
percent loss than the other raw aggregates (except SH 37 RAP). One possible reason is
that the ignition method may change the properties of some aggregates due to the
generation of micro-cracks in the aggregates by heat.

The aggregate ring DFT results show that some RAP has higher DFT values than
limestone (SAC-B) aggregate. The RAP milled from SH 37 is SAC-A RAP, which has a
similar DFT value to other SAC-A aggregates such as igneous or sandstone.

Both DFT and ARTS micro-MPD on aggregate ring test results clearly show that the
BMD values are significantly larger than the AMD values.

At first, the DFT values on the mixture slabs increased, and the maximum DFT values
occurred at approximately 500-2,000 polish cycles. This increase is due to removing the
excess binder from the surface and exposing the aggregate. After reaching the peak point,
the DFT values decreased as the polish cycle increased. The DFT values reached a
relatively stable number at around 100,000 cycles.

The ranking of the DFT number on the mixture slabs is IH 20 > FM 356 > IH 10, which
is consistent with the DFT results on the field pavements presented in Chapter 3.

Neither the macro-MPD nor micro-MPD rankings were consistent with the DFT ranking.
This difference in rankings confirms the field observation in Chapter 3.

The redesigned mixtures indicate that SAC-A RAP can significantly improve the DFT
value of asphalt mixtures. For example, the DFT ranking among IH 20 mixtures was

IH 20_30% RAP (SH 37) > IH 20_15% RAP (SH 37) > IH 20_0 RAP; the DFT ranking
among IH 10 mixtures was IH 15% RAP (SH 37) >1IH 10 _20% RAP (Original) >

IH 10_0 RAP.

The TXDOT blended DFT calculation method was applied in this research. The result
shows that the FM 356 mixture had significantly higher blended DFT numbers than the
other two mixtures. The blended DFT numbers ranking from high to low were FM 356 >
IH 10 > IH 20 based on BMD, and FM 356 > IH 20 > IH 10 based on AMD. However,
neither ranking was consistent with the lab-molded mixture slab test or the field test
results. The DFT ranking of the mixture slab and field pavement surface was IH 20 >
FM 356 > IH 10. This ranking implies that not only the coarse aggregate but also other
factors such as fine aggregate, gradation, etc., may influence the mixture’s DFT values.
The redesigned (adjusting RAP percentage) mixture blended DFT results show that the
blended DFT ranking was consistent with the mixture slab DFT ranking using the
measured RAP aggregate DFT values. However, if using a constant DFT number for all
RAP (e.g., 0.3), the blended DFT ranking was not consistent with the mixture slab DFT
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ranking. This indicates that assuming a constant DFT value for all RAP may lead to
unreasonable estimations on the mixture’s skid resistance.

For redesigned mixtures, although the blended DFT ranking (using the measured
aggregate DFT) shows consistency with the mixture slab DFT ranking, the increase of
blended DFT values seems much smaller than the increase of mixture slab DFT values
when incorporating SAC-A RAP. One reason might be that the benefit of SAC-A RAP
was underestimated when only accounting for coarse aggregate (retaining on the No. 4 or
No. 8 sieve). For example, more than 50 percent of the SH 37 RAP aggregate component
is the fine aggregate (76 percent passing No. 4 sieve and 56 percent passing No. 8 sieve),
which might also increase the mixture slab DFT values but was ignored in the blended
DFT calculation.
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CHAPTER 5 LABORATORY EVALUATION OF IMPACT OF RAP ON
SKID OF ASPHALT MIXTURES

This chapter describes the study of the impact of RAP on the skid resistance of asphalt mixes and
the development of the SAC rating for RAP materials. The researchers considered the following
factors: (a) two RAP types: SAC-A RAP (milled from SH 37) and SAC-B RAP (laboratory-
produced with the same gradation as SH 37 RAP); (b) three RAP amounts: 0, 15 percent, and

30 percent; and (c) four surface mix types: Superpave C (redesigned FM 356 mixtures),
Superpave C (redesigned IH 20 mixtures), dense-graded Type D (redesigned IH 10 mixtures),
and Superpave D mixtures. Each mix type has five mixtures due to different RAP types and
different RAP percentages: 0 RAP, 15 percent RAP (SAC-A), 30 percent RAP (SAC-A), 15
percent RAP (SAC-B), and 30 percent RAP (SAC-B).

Thus, the combination led to 20 different asphalt mixtures. For each mixture, two slabs were
fabricated and investigated. Three-wheel polishing, DFT, laser texturing, ARTS, and CTM tests
were performed on each slab. In addition, the blended DFT values based on raw aggregates of
each mixture were determined and compared with the lab test values.

This chapter is organized into the following sections:

e Description of the mixture information, including the RAP characterization, the mixture
designs, the raw aggregate DFT values, blended DFT values, etc.

e Presentation of the lab test results on mixture slabs, including the mixture DFT values
and the laser texture measurement results (macrotexture and microtexture).

e Analysis and assembly of the RAP, raw aggregates, and mixture test information for all
mixtures and recommendation of SAC rating methods for RAP materials.

e Summary of the findings and conclusions.

MIXTURE INFORMATION

This chapter describes the information of RAP, raw aggregate DFT values, mixture design, and
aggregate blended DFT values.

RAP Material from Stockpile or Milled Pavement Surface

As described in Chapters 3 and 4, the researchers characterized four types of RAP aggregate in
terms of binder content, gradation, texture, and friction. The RAP materials characterized were
from four sources: (a) RAP stockpile from Knife River Company, (b) RAP stockpile from
Vulcan Materials Company (used in FM 356 surface mixture), (c) RAP stockpiles from EI Paso
County (used in IH 10 surface mixture), and (d) SH 37 surface-milled RAP. Among these RAP
materials, the SH 37 RAP was milled directly from the SH 37 pavement surface mixture, and the
other RAP materials may be a blend from different pavement surface mixtures. The researchers
contacted the Paris District and RK Hall Construction and confirmed that the original SH 37
mixture designs have high percentages of sandstone (SAC-A stone).
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Figure 5-1 shows the RAP aggregate DFT values. In this figure, BMD indicates the aggregate
before Micro-Deval abrasion, and AMD indicates the aggregate after Micro-Deval abrasion. The
SH 37 RAP has the highest DFT values among the four RAP materials for both BMD and AMD.
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Figure 5-1. RAP Aggregate DFT Test Results at (a) 20 km/h and (b) 60 km/h.

Figure 5-2 and Table 5-1 show the RAP binder contents and aggregate gradations, respectively.
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RAP Binder Content From Ignition Test

6.8
5.1
I | |

Knife River RAP  SH 37 RAP FM 356 RAP IH 10 RAP
Figure 5-2. RAP Binder Contents.

Binder Content (%)
O B N W R~ U0 N

Table 5-1. RAP Aggregate Sieve Analysis Results.
Sieve Size Knife River RAP SH 37 RAP FM 356 RAP IH 10 RAP

3/4 100 100 100 100
1/2 93.2 100 98.2 95.8
3/8 83.2 95 924 84.6
No. 4 58.6 76 70.5 60.4
No. 8 41.9 56 53.7 44.2
No. 16 32.6 43 43.5 344
No. 30 27.0 36 36.2 27.8
No. 50 20.4 30 23.2 20.3
No. 200 10.6 114 4.6 7.8

One purpose of this research is to evaluate the influence of RAP type on the mixture's skid
resistance, which means the RAP type is the only changing factor in the mixture. To address this,
the researchers used limestone-only aggregate to fabricate the SAC-B RAP in the laboratory
according to the binder content and gradation of SH 37 RAP. More details are described in the
following.

Laboratory-Produced RAP
A procedure described by McDaniel et al. (2012) was followed to produce the RAP in the

laboratory. The researchers identified that combining two limestone stockpiles (one Type F Rock
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and one screenings stockpile) could produce the blends with the same gradation as SH 37 RAP.
The aggregates were sieved into each sieve size and then blended according to the desired
percentages. To obtain the designed percentage of passing No. 200 sieve, a grinding machine
was employed to crush some screenings into a smaller size.

The aggregate blends and the binder (PG 70-22) were heated to a mixing temperature of 149°C
(300°F) and mixed in a 5-gal bucket mixer. Next, the mix was conditioned for two hours at the
compaction temperature (135°C or 275°F) according to AASHTO R 30 (AASHTO 2020c). After
conditioning, the mixture was left in an 85°C (185°F) oven for 120 hours to simulate the aging
over the pavement’s service life. After this exposure, the mixture was cooled and remixed in the
bucket mixer to be separated into smaller particles. The laboratory-produced RAP was then
stored in closed containers for future use. Figure 5-3 shows the conditioning chamber and the
mixer.

@ N (b)
Figure 5-3. Laboratory-Produced RAP of (a) Conditioning in 85°C Chamber for 120 Hours
and (b) Mixing in a Bucket Mixer.

The Micro-Deval and aggregate ring tests such as CTM, ARTS, and DFT were conducted to
characterize the laboratory-produced RAP aggregate. It has much lower DFT values (0.35 for
BMD and 0.23 for AMD) than other RAP materials and can represent a “worse skid resistance”
scenario and be used as SAC-B RAP.

Mixture Design Combinations
Four surface mix types—Superpave C (redesigned FM 356 mixtures), Superpave C (redesigned

IH 10 mixtures), dense-graded Type D (redesigned IH 20 mixtures), and Superpave D (SP D)—
were investigated in this research. Three RAP percentages (0, 15, and 30 percent) and two RAP
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types (SAC-A and SAC-B) were considered for each mix type. Thus, there were five different
mixtures for each surface mix type (0 RAP, 15 percent SAC-A RAP, 15 percent SAC-B RAP,
30 percent SAC-A RAP, and 30 percent SAC-B RAP). For convenience, the researchers named
the mixtures from Superpave C redesigned FM 356 mixtures as follows: FM 356_0 RAP, FM
356_15% RAP (SAC-A), FM 356_15% RAP (SAC-B), FM 356_30% RAP (SAC-A), and

FM 356_30% RAP (SAC-B). For the other mixtures, only the FM 356 needed to be replaced
with IH 10, IH 20, or SP D accordingly.

The combinations led to 20 (4 x 5) different asphalt mixtures. The combined gradation was
designed to be the same (or similar) among different RAP percentages for each surface mix type.
Since the SAC-A RAP (SH 37 RAP) and SAC-B RAP (laboratory-produced RAP) had the same
gradation and binder content, the stockpile percentages were the same for the corresponding
mixtures.

Figure 5-4, Figure 5-5, and Figure 5-6 show the mixture designs for FM 356_0 RAP,
FM 356_15% RAP, and FM 356_30% RAP, respectively. In the figures, “RAP” means SAC-A
RAP or SAC-B RAP.

AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.§ Bin No.9 Bin No.10
Source:| Sandstone  mestone_Dalommestone_Dalomy IFrRsEnEed Wateial
Rap Tvpe
&) Marble Falls | Rarble Fallz Material
Pit: Erownles e FuE) Favers Supply
Number:| 102704 1402702 [
. Cldcastle . .
Producer: Capital Dlt':lcastle Wlaterials P avers Supply F\ustl.n wihite RAPRAS
Aggregates | Materials Texas Teras Lime Producer
Sample ID: ‘washed Sand Lime Sample ID
Recycled Asphalt Binder (%)
B8
= - Sof Sof %of P
Hydrated Lime?: O B 1o || Total Bin
Individual Bin ()| 35.0 [Ferceny 10.0 |[Percen| 35.0 [Ferceny 120 |Percen| 1.0 [Fercen Farcen Fercen xgf Fuz zof 11 100.0%
telelid- ] Jarsg 3area]
Cumii| e | Cumic| &4 (Cumi) bt [Cumsdf b | Cumsd| b | Cumid] b’ [Cumid| Wb | o 1 &0 | Cumic) B |Cumif Bhe Cumn,
Sieve Size: Pagzin| Cum. | Passin | Cum. |Passin| Sum. | Passin| Sum. | Passin| Cum. | Passin] Cum. | Passing Cum. | - o | Cum. | Passin | Sum. | Passing Cum. | 5o
q b Q b il b sl b Q b Q b il 2 ? b Q b il b e
i b 100.0 | 35.00 100.0| 10.0|100.0| 35.0|100.0| 18.0|1000| 1.0 100.0 0.0 100.0
34" 100.0 | 35.00100.0| 10.0)100.0| 3&.0|100.0| 18.0|1000| 1.0 100.0 0.0 100.0
il 99.0( 347| 582| 58|100.0( 35.0|100.0| 18.0|1000| 1.0 100.0 0.0 95.5
38" 743 | 280 171 1.71100.0] 36.0(100.0( 18.0{100.0] 1.0 95.1 0.0 827
No. 4 59| 21 18| 02| 99.8| 359(100.0( 18.0|{1000| 1.0 75.8 0.0 57.2
No. 8 20| 07| 14| 01| 787| 283|100.0| 18.0/1000| 1.0 56.0 0.0 48.2
No. 16 20| 07| 14| 01| 56.0| 20.2|100.0| 18.0/1000| 1.0 43.3 0.0 40.0
No. 30 20| 07| 14| 01| 38.0| 137 91.0| 16.4|1000| 1.0 36.2 0.0 319
No. 50 20 07| 14| 01| 24%| 90| 61.0] 11.0/1000| 1.0 29.9 0.0 218
No. 200 20 07| 14 0.1 42| 15| 32 05(100.0( 1.0 11.4 0.0 3.90

Figure 5-4. FM 356_0 RAP Mixture Design.
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AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"

Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.§ Bin No.9 Bin No.10
] Fractionated Material
Source:| Sandstone  mestone_Dolommestone_Dolon FAF T
8! MarbleFalls | Marble Falls Material
Pit:| Erownlee e e Pavers Supply
Number: 1402704 1402702 1402702
P Oldcastle Oldcastle o P
Producer:| . C?glt:tles Iaterials IMaterials | Favers Supply Austlil;j\:hlte A
g Teuas Tesas Producer
Sample ID: ‘washed Sand Lime E}ﬂ mple
Recycled Asphalt Binder (%)
%]
Hydrated Lime?: B0 |kt ehen “efren| Total Bin
Individual Bin ()| 35.0 |Perceny 8.3 |Perceny 27.0 |[Perceny 15.0 [Perceny 0.0 [Percen Fercen Fercenl 147 .:::‘q i i a::: 100.0%
Cumz| Wig |Cumzi| i |Cumii| Wi |Lumzt| Wi |umec| B [Cumit] Brg |Lumec| B o LiF [Cumic| Bre [Cumss] Brg L
Sieve Size: Fassin| Cum. | Passin| Cum. |Passin| Cum. |Passin| Cum. |Passin| Cum. | Passin| Cum. |Passin| Cum. |70 * | Cum. | Passin | Cumn. [Passin| Cum. R
o ! i ; Lk o : i i o S u . ||Passing] = i s 2 | o || Passing
i 100.0| 35.0] 100.0 8.3(100.0| 27.0|100.0| 15.0|100.0] 0.0 100.0 [ 147 100.0
304" 100.0| 35.0|100.0 8.3(100.0| 27.0|100.0| 15.0|100.0| 0.0 100.0 | 147 100.0
i’y 950| 347| 582| 4.8|1000| 27.0(100.0| 15.0(100.0| 0.0 100.0 | 147 96.2
318" 43| 28.0| 171 14(100.0| 27.0|100.0| 15.0|100.0| 0.0 95.1  14.0 23.4
No. 4 59| 2.1 18 01| 99.8| 2659|1000 15.0|100.0] 0.0 pay 17.1 55.3
No. 8 20| 07| 14| 04| 787 21.2|100.0| 15.0|100.0| 0.0 56.0 8.2 45.3
Mo. 16 20| 07| 14| 01| 550| 151|100.0| 15.0|100.0| 0.0 433 64 373
Mo. 30 20| 07| 14| 01| 380| 10.3| 91.0| 13.7|100.0| 0.0 36.2 53 30.0
Mo. 50 20| 07| 14| 01| 249| &7 &1.0] 52|1000] 0.0 20.9 4.4 21.1
No. 200 20| 07| 14 0.1 42 11 32| 051000 0.0 11.4 1T 4.08
Figure 5-5. FM 356_15% RAP Mixture Design.
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.B Bin No.9 Bin No.10
Source:| Sandstone  [nestone_Dolommestone_Dolom) Frac'::t‘i':;ated Ilt‘j;eeriﬂl
! Marble Falls | Marble Falls Material
Pit:| Erownles SQuarry e Pavers Supply
Number:|  H02704 02702 140270z
Capitol CREEMR || EREEE Austin hite RAPIRAS
Producer: Aggrogates Materials Materials | Pawvers Supply Lime
B Tesas Tenas Producer
Sample ID: ‘w'azhed Sand Lime Eﬁl‘l‘lple
Recycled Asphalt Binder (%)
E2
Hydrated Lime?: 30.0 [t nilets #fret | Total Bin
Individual Bin (223 | 29.0 |Perceny 9.0 [Percend 245 [Perceny 8.0 (Perceny 0.0 [Percen Fercen Fercenf| 25.4 a:::fa ﬁ::a a:a:fa 100.0%
Cum<| BR [Cumi] Brd [Cumi] B [Cumx| ¥ [ComX[ B8 [Cumi] Bid [Cum] ke U Frd [Cumi| Fod [Cumx] Wod FETa
Sieve Size: Fassin| Cum. | Fazsin | Cum. |Fassin| Cum. |Fassin| Cum. |Passin| Cum. |Passin| Cuom. [Fazsin | Cum. I " | Cumn. | Passin | Cum. |Fassin| Cum. L
afoy Al s g etk sl | i ; o | e || Passing
A% 100.0| 25.0) 100.0 5.01100.0| 246|100.0| &0|100.0| 0.0 100.0 | 254 100.0
3/4" 100.0| Z5.0) 100.0 9.01100.0| 246|100.0| &0|100.0| 0.0 100.0 | 29.4 100.0
12 995.0| 287| 582| 5.2|100.0| 246|100.0| &0|100.0| 0.0 100.0 | 25.4 959
38" 74.3| 21.5] 171 1.51100.0| 24.6|100.0| &0|100.0] 0.0 95.1 ] 28.0 836
No. 4 58| 17| 18| 02| 99.8| 246|100.0| &0|1000| 0.0 758 | 223 56.7
No. & 20| 06| 14| 01| 787 154|1000( &o0[100.0( 0.0 560 | 165 445
Mo. 16 20| 06| 14| 01| 56.0( 13.8[1000( &o0[1000( 0.0 433 | 127 352
Mo. 30 2.0 06| 14| 01| 380 93| #.0f 7.3[1000( 0.0 36.2| 106 28.0
No. 50 20| 08| 14| 01| 249 61| 61.0( 491000 0.0 259 8.8 20.5
No. 200 20| 06 14 0.1 42| 1.0 32| 03|1000| 0.0 11.4 34 5.32

Figure 5-6. FM 356_30% RAP Mixture Design.

In addition, the blended gradations for 0 percent RAP, 15 percent RAP, and 30 percent RAP
mixtures were designed to be very close, as listed in Table 5-2. This eliminated (or reduced to a
minimum) the impact of other factors when evaluating the impact of RAP percentages.
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Table 5-2. Blended Gradation of FM 356 Mixtures (Superpave C).

Sieve Size FM 356_0 RAP FM 356_15% RAP FM 356_30% RAP
3/4 100 100 100

1/2 95.5 96.2 95.9

3/8 82.7 83.4 83.6

No. 4 57.2 55.3 56.7

No. 8 48.2 45.3 44.5

No. 16 40 37.3 35.2

No. 30 31.9 30 28

No. 50 21.8 211 20.5

No. 200 3.9 4.1 5.3

Figure 5-7, Figure 5-8, and Figure 5-9 show the mixture design for IH 20_0 RAP, IH 20_15%
RAP, and IH 20_30% RAP, respectively. Similarly, Table 5-3 lists the blended gradation of
IH 20 mixtures.

Figure 5-7. IH 20_0 RAP Mixture Design.
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AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Aggregate Source: lgnecus lgneous lgneous _lhfl?;:r‘al
Aggregate Pit:|  Jones Mil Jones Mil Jones Ml SMITH PIT Material
Aggregate Number: 0050122 0050122 0050122 LOCAL SOURCE
Sample ID:| 127 CA 38" CA SCREENINGS | FIELD SAND
Recycled Asphalt Binder (%)
Hydrated Lime?: ol Tor ot o ot e Total Bin
- - X o ok of
Individual Bin (%):| 50.0 |Percent| 10.0 |Percent| 30.0 [Percent| 10.0 |Percent Percent Percent Percent] Ag;ﬂ Aﬂ;ﬂ agg?ﬂ 100.0%
Sieve Size- Cum.% | Wid |Cum% | Wi |Cum% | Wi |Cum% | Wid [Cum% | Wi |Cum% | Wid [Cum% | Wid Cum.% Wid | Cum.% Wid | Cum% | Wid Cum. %
N Passing | Cum. %| Passing |Cum. % |Passing|[Cum. % |Passing |Cum. % |Passing |Cum. %|Passing | Cum. % Passing |Cum. %/ Passing |Cum. % | Passing [Cum. %|Passing[Cum. %| Passing
314" 100.0 | 50.0{100.0 | 10.0]100.0| 30.0(100.0] 10.0 100.0
172" 100.0| 50.0(100.0 | 10.0|100.0| 30.0(100.0| 10.0 100.0
3/8" 904 | 452(100.0 | 10.0{100.0| 30.0|100.0| 10.0 952
Mo. 4 343 172 350 34| 954 286(100.0| 100 593
Mo. 8 96 48 738 08 72| 214(1000| 100 369
No. 30 31 1.6 3.0 03] 288 8.6| 96.3 9.6 201
No. 50 25 13| 26 03] 196 59| 721 7.2 14.6
Mo. 200 1.8 0.9 1.8 02| 104 34 120 1.2 54




AGGREGATE BIN FRACTIONS

"RECYCLED MATERIALS"

Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Aggregate Source:|  lgnecus lgnecus lgneous Fractionated RAP Material
Type
Aggregate Pit:|  Jones Mil Jones Ml Jories Ml SMITHPIT Material
Source
Ihggregate Number: 0050122 0050122 0050122 |LOCAL SOURCE|
Sample ID:|  ¥2" Ca. 38" CA | SCREEMMGS | FIELDSAMD SHITRAR %ﬂmple
Recycled Asphalt Binder (%)
68
B - ot ot ok -
Hydrated Lime?- 150 |1 Ton M Ton vigl| TOAI Bin
Indivigual Bin (%):| 38.3 |Perent 16.0 |Percert| 25.0 [Percerd 6.0 |Perceny Percen Percert Peroery] 147 | 22 g e || 100.0%
. Cumst| b | Cumzz | b |5 tar [Cumit| b | Cumoe| tbs [Cumzc| wbe | Cumot| we | Cumat |t | Comze| atr |5 it || cumn
Sieve Size: s . . .| Passin . N . . . . N . N . . .| Passin .
sssing|Cum. 3¢ Pazsing | Cum, 32| =" | Cum, 1| Passing| Eum. 3 | Passing| Cum. 34| Passing| Gum, 3 | Passing| Cum | Passing | Cum. % | Passing| Cum. | 2" | Cum. 4| Passing
34" 1000( 383{1000( 16.0|/1000| 25.0|1000 6.0 1000 | 147 100.0
172" 1000 383|1000( 16.0|/1000| 25.0]1000 6.0 1000 | 147 100.0
3" 904 | 346|100.0| 16.0{100.0| 25.0{100.0| 6.0 951 | 14.0 956
MNo. 4 34.3| 131] 350 56| 954| 23.9[1000| 6.0 758 | 111 59.7
MNo. 8 96| 37 78 12| 7.2| 17.6|100.0] 6.0 56.0 8.2 370
Mo. 30 31 12| 30 05| 288| 72| 963| 58 36.2 53 200
MNo. 50 25 10/ 26 04| 196 49| 721| 43 299 44 15.0
Mo. 200 18| 07| 18 03| 104| 26| 120| 07 1.4 1.7 6.0
Figure 5-8. IH 20_15% RAP Mixture Design.
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Aggregate Source: lanecus laneous lanecus Fractionated FAP 1'&12:”3'
Aggregate Pit'|  Janes il Jones il Janes Ml SMITHPIT Material
Source
Kggregate Number:| 0050122 oos0ize 0050122 [LOCAL SOURCE
Sample ID:| 12" CA 3-8 C.A | SCREEMMNGS | FELDSAND SHITRAP l%ample
Recycled Asphalt Binder (%)
53
Hydrated Lime?: 300 | 2o L Lot [ Total Bin
Individual Bin (%):| 45.0 |Percere| 4.0 |Percerr| 19.5 [Percerw| 2.1 |Percen] Percent] Percent] Percerd| 29.4 A;;:J A;';:J A;;':J 100.0%
- . Cumt | bt | Cumst | b | S| it | Cumod| tde | Cumid| tdd |Cumit| wde |Cumid| b || Cumc | ide' | Cumot | bd |S 00| debe || Cum
Sieve Size: N . N ., | Passin . N . N . N . N . N . N ., | Passin . !
Piszsing| Cum. % |Passing| Gum, 32| *2*" | Cum. 3¢| Passing| Cum. 3 | Passing| Cum. % | Passing| Cum. % | Passing| Cum. | Passing | Cum % | Passing | Cum. 32| "*=*" |Cum.31) Passing
34" 100.0( 45.0(100.0| 4.0|100.0( 195(1000 21 100.0 [ 294 100.0
12" 100.0( 45.0(100.0| 4.0)100.0( 195(1000( 21 100.0 [ 294 100.0
38" 904 40.7]100.0 4.0[100.0( 195|1000( 21 951 | 28.0 94.2
No. 4 34.3| 154| 350 14| 954| 186(1000| 21 758 | 223 598
No. 8 96 43| 78 03] 71.2| 13.9]100.0| 21 56.0 | 165 371
No. 30 31 14] 3.0 01| 288| 56| 963 20 36.2 | 106 19.8
MNo. 50 25 11| 26 01| 196| 38| 721 15 299 8.8 15.3
No. 200 1.8 0.8 1.8 01| 104| 20( 120 0.3 11.4 33 6.5

Figure 5-9. IH 20_30% RAP Mixture Design.
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Table 5-3. Blended Gradation of IH 20 Mixtures (Dense-Graded Type D).

Sieve Size

IH 20_0 RAP

IH 20_15% RAP

IH 20_30% RAP

3/4
1/2
3/8

No. 4
No. 8

No. 30

No. 50
No. 200

100
100

95.2
59.3

36.9

20.1

14.6

5.4

100
100
95.6
59.7
37
20
15

6

100
100
94.2
59.8
37.1
19.8
15.3
6.5

Figure 5-10, Figure 5-11, and Figure 5-12 show the mixture design for IH 10_0 RAP,
IH 10_15% RAP, and IH 10_30% RAP, respectively. The blended gradation of IH 10 mixtures is
listed in Table 5-4.

AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.B Bin No.9 Bin No.10
Source: nestone_Dolom| lgneous mestone_Daolommestone_Dolom i=liznaed Material
_ - _ RaP Type
Pit: NESLE::T” Fadre Canyon Ne&;‘je” Ne;:a';;ey tudat it
Number: 2407220 241613 2407220 2407220
Producer: il
Producer
Sample ID:| 34 SACE 34 SAC A 8 Fines Sample ID
Recycled Asphalt Binder (%)
]
Hydrated Lime?: 0.0 | 5o o Eof [ otal Bin
Individual Bin (:2); Percen 27.5 |Pereend] 345 [Percend 38.0 [Percen Percern Perceny Percen e G st | 100.0% |
Cumi | i | Cumi | bid [Cumi]| bW | Cumi Cum. [ b [ Cums Cumis | btd [[Cuma b | Cumzc| bdd
Sieve Size: F'aisin CI:II'n. F'a:sin CI:II'n. Paisin CI:II'n. Paisin Cf:‘d/ F'a:sin CI:II'n. Paisin Cfr;d/ Paisin CI:II'n. F'aisin Cfr;d/ Fiusrsnm/g CI:II'n. F'aisin CI:II'n. F?::;é
ik 1000 [ 27.5|100.0| 345|100.0| 38.0 100.0 0.0 100.0
314" 1000 [ 27.5|100.0| 345]|100.0| 38.0 100.0 0.0 100.0
1z 73.0( 2011000 345]|100.0| 38.0 100.0 0.0 926
He" 450 [ 12.4| 88.0| 30.7|100.0| 38.0 87.0 0.0 81.1
No. 4 5.0 1.4 30.0| 104 99.0| 376 73.0 0.0 49.3
No. 8 40 A1 40 14] 83.0| 35 47.0 0.0 34.0
No. 16 35 10| 30 1.0 54.0| 205 35.0 0.0 225
No. 30 3.0 08| 20 07| 373| 142 27.0 0.0 15.7
Nao. 50 2.0 06| 15| 05| 265| 101 20.0 0.0 114
Mo. 200 1.8 0.3 1.0 0.3 136 5.2 8.0 0.0 6.0

Figure 5-10. IH 10_0 RAP Mixture Design.
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AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.B Bin No.9 Bin No.10
Source: mestone_Dalom| lgneous mestone_Dolammestane_Dolom hlaclisnzad Material
Rap Type
Pit Med Finney T — Med Finney Med Finney Ledat Material
Cluarry Cluarry Cluarry
Number: 2407220 2411613 2407220 2407220 RAS Type
Producer: b IRED
Producer
Sample ID:| M4 SACE 34 SACA e Fines Sample IO
Recycled Asphalt Binder (%)
(%]
Hydrated Lime?: 15.0 [ 25 e E2 [ otal Bin
Individual Bin [ Fercen| 27.0 |Perceny 30.3 |Perceny 28.0 |Percent Fercen Fercen Percenl| 147 A:;ZJ A:;[ZJ A;;;q 100.0%
Cumnz | bid | Cumi| Wi [Cum| b | Cumic Cum. | b | Cumic Cum [ e || Cumic be | Cumsc| bid
Sieve Size: F'a:sin CEIITI. F'a:sin Ctll'n. F'a:sin Ctll'n. F'a:sin Cfr;d/ F'a:sin Cl:ll'n. F'a:sin Cf:‘d/ F'a:sin Ctll'n Pa:sin Cfr;d/ FEausn;ln/g Ctll'n. Pa:sin Ctll'n. F?::;:g
17 100.0 [ 27.0| 1000 30.3| 100.0 | 28.0 1000 147 100.0
354" 1000 [ 27.0| 1000 30.3| 100.0 | 28.0 1000 147 100.0
12" 73.0( 1897|1000 30.3| 1000 28.0 1000 147 827
38" 450 122 8%.0( 27.0| 1000 28.0 951 | 14.0 81.1
No. 4 5.0 1.4] 300 9.1 99.0| 277 78| 1.1 493
No. & 4.0 1.1 4.0 12| 83.0| 232 56.0 &2 33.8
No. 16 35 0.8] 30 0.9] 540| 151 433 64 233
Mo. 30 3.0 08| 20 06| 37r3| 104 /2 53 17.2
Mo. 50 2.0 0.5] 15 0.5] 26.5 7.4 209( 44 12.8
No. 200 18 05| 1.0 0.3| 136 33 M4 17 6.3
Figure 5-11. IH 10_15% RAP Mixture Design.
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.§ Bin No.7 Bin No.8 Bin No.9 Bin No.10
Source: mestone_Dolom| lgneous mestone_Dolomimestone_Dolom pecionasy Walerd
_ - _ RapP Type
Pit: Ne;lil::r;eg Padre Canyon Neéﬂ:\r:eg Neé::[';eg tidot Material
Number: 2407220 2411613 2407220 2407220
Producer: S
Producer
Sample ID:| M4 SACE 34 SAC A belic} Fines Sample ID
Recycled Asphalt Binder (%)
B8
Hydrated Lime?: 300 | X5 e %> [ Total Bin
Individual Bin (4): Ferceny 252 |Percenf 30.0 |Percenf 155 |Percent Fercen Percent] Fercenfl 29.3 A_:I‘SL A_::SL Az ?Z 100.0%
3 | Cum. | biw | Cum2| b | Cumic| b | Cumic Cum.2 | A [ Cumid e Cumz| L |[Cum.2d bt | Cums [ T e e
Sieve Size: Paisin CI:IITL Pa:sin CI:IIT\. Paisin CI:IIT\. Paisin Pa:sin CI:IIT\. Paisin el Paisin CI:IITL Paisin Cum. %| Fassing CI:IITL Pa:sin CI:II'n. Fassing
i 1000 | 252|100.0| 30.0]100.0 100.0| 283 100.0
W4 1000 | 252|100.0| 30.0)100.0 100.0| 283 100.0
172" 73.0| 18.4[100.0| 30.0]100.0 100.0| 29.3 93.2
38" 450 11.3| 85.0| 2867|1000 95.1| 279 214
No. 4 5.0 1.3| 300 90| 99.0 75.8| 222 478
No. & 4.0 1.0 40 1.2] 83.0 56.0| 164 315
No. 16 3.5 08| 30 0.9] 54.0 433 | 127 228
Mo. 30 3.0 08| 2.0 06| 373 36.2| 106 i
No. 50 2.0 05| 15| 05| 265 299 83 13.8
Nao. 200 18 05| 1.0 03] 136 11.4 33 5.2

~ Figure 5-12. IH 10_30% RAP Mixture Design.
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Table 5-4. Blended Gradation of IH 10 Mixtures (Superpave C).

Sieve Size IH 10_0 RAP IH 10_15% RAP IH 10_30% RAP
3/4 100 100 100

1/2 92.6 92.7 93.2

3/8 81.1 81.1 81.4

No. 4 49.3 49.3 47.8

No. 8 34 33.8 315

No. 16 22.5 23.3 22.8

No. 30 15.7 17.2 17.7

No. 50 111 12.8 13.8

No. 200 6 6.3 6.2

Figure 5-13, Figure 5-14, and Figure 5-15 show the mixture design for SP D_0 RAP, SP D_15%
RAP, and SP D_30% RAP, respectively. The blended gradation of SP D mixtures is listed in

Table 5-5.
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Source: Sandstone  limestone_Dolomitlimestone_Dolomit Fractionated RAP _Nl_'IVE;:nEl
Pit: Brownlee Serviex Serviex River Bend Knife River Material
Source
Number:| 1402704 1504603 1504603
Producer: Capital Hanson Hanson Knife River RAP/RAS
Producer
. Washed Sample
Sample [D: D Rock F Rock S —— Sand RAP D
Recycled Asphalt Binder (%)
68
Hydrated Lime?: 0.0 [ ot o Total Bin ‘
Individual Bin (%)| 26.0 [Percent| 37.0 |Percent| 37 0 |Percent| 00 [Percent Percent| Percent| Percent] A;';é] A;.SL AZISL 100.0%
5 Size: Cum% | Wid [Cum%% | Wid |Cum.% | WAd |Cum% | Wid |Cum% | Wid [Cum®% | Wid |Cum% | Wid [ Cumf% Wid | Cum% | Wid |Cum%| Wid Cum. %
18ve Slze: Passing |Cum. % | Passing |Cum. % |Passing|Cum. %|Passing |Cum. % | Passing [Cum. %|Passing |Cum. % |Passing |Cum. %| Passing |Cum. % | Passing |Cum. % |Passing|Cum. %|| Passing
34" 100.0 | 26.0|100.0 [ 37.0(100.0| 37.0|100.0 0.0 100.0 0.0 100.0
142" 998 | 259(100.0| 37.0(100.0| 37.0|100.0 0.0 100.0 0.0 99.9
3/8" 715| 1686|1000 | 37.0(1000| 37.0|100.0 0.0 100.0 0.0 926
No. 4 1.4 3.0| 589 218 957 | 354| 992 0.0 80.2 0.0 60.2
No. 8 27 0.7 6.6 24| 819| 303] 797 0.0 71.3 0.0 334
No. 16 1.9 0.5 1.8 0.7| 59.7| 221| 592 0.0 52.0 0.0 232
No. 30 039 02 11 04| 368| 136 394 00 3rT 00 143
No. 50 038 02 10 04| 229 85| 147 0.0 272 0.0 91
MNo. 200 0.6 0.2 0.3 0.1 6.0 22 4.0 0.0 10.4 0.0 245

Figure 5-13. SP D_0 RAP Mixture Design.
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AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Source: Sandstone  limestone_Dolomitlimestong_Dolomit Fractionated RAP _Il\_llf;eenal
Pit: Brownlee Serviex Serviex River Bend Knife River Material
Source
Mumber:| 1402704 1504603 1504603 RAS Type
Producer: Capital Hanson Hanson Knife River RAP/RAS
Producer
. Washed Sample
Sample ID: D Rock F Rock — Sand RAP D
Recycled Asphalt Binder (%)
[:%:]
H - Zof Tot. *of Tot, ¥ of Tot,| -
Hydrated Lime?: 150 [*5 e ot Total Bin
- " N o of o
Individual Bin (%):( 22.0 |Percent| 38.0 |Percent| 25.3 [Percent| (0.0 [Percent Percent Percent Percent| 14.7 Aﬂ;ﬂ Aﬂ?ﬂ Aﬂ;&q 100.0%
Sieve Size: Cum% | Whd [Cum% | Wid [Cum% | Wid [CumB% | Wid |Cum% | Wi |Cum% | Wi |Cum.% [ Wid || Cum% Wid | Cum®% | Wid |Cumf% | Wid Cum. %
° Passing |Cum. % | Passing | Cum. % [Passing (Cum. % |Passing [Cum. % |Passing |Cum. %|Passing |[Cum. % |Passing [Cum. %|( Passing |Cum. % | Passing |Cum. % |Passing|Cum. %| Passing
34" 100.0| 22.0|100.0 | 38.0(100.0| 25.3|100.0 0.0 1000 | 147 100.0
1/2" 99.8| 22.0|100.0 | 38.0(100.0| 25.3|100.0 0.0 1000 | 147 100.0
3/8" 715| 157(1000 | 3801000 253|1000 00 951 | 140 93.0
MNo. 4 11.4 25| 589 | 224| 957 | 242| 992 0.0 758 | 111 60.2
MNo. 8 27 0.6 6.6 25| 819) 20.7| 797 0.0 56.0 5.2 321
Mo. 16 19 04 18 07| 597| 151 592 0.0 433 6.4 226
Mo. 30 0.9 0.2 1.1 04| 368 93| 394 0.0 36.2 53 16.2
Mo. 50 0.8 0.2 1.0 04| 229 58| 147 0.0 29.9 44 10.7
No. 200 06 0.1 0.3 01 6.0 15 40 0.0 114 17 34
Figure 5-14. SP D_15% RAP Mixture Design.
AGGREGATE BIN FRACTIONS "RECYCLED MATERIALS"
Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.5 Bin No.6 Bin No.7 Bin No.8 Bin No.9 Bin No.10
Source: Sandstone  limestone_Dolomitlimestone_Dolomit Fractionated RAP 'T\féeenal
Pit: Brownlee Serviex Serviex River Bend Knife River Material
Source
MNumber:| 1402704 1504603 1504603 RAS Type
Producer: Capital Hanson Hanson Knife River RAP/RAS
Producer
. Washed Sample
Sample ID: D Rock F Rock Screeings Sand RAP 0
Recycled Asphalt Binder (%)
6.8
H - % of Tot. % of Tot. % of Tot. e
Hydrated Lime?: 30.0 Mis Mi v || Total Bin
Individual Bin (%);| 20.0 |Percent| 34 5 |Percent| 16.0 [Percent| 0.0 [Percent Percent Percent| Percent|| 295 AZ‘SL A;.SL A.SQL 100.0%
5 Size Cum% | Wid [Cum% | Wid [Cum% | Wid |CumS% | Wid |Cum% | WEJ |Cum.% | Wid [Cum® | Wid || Cum.% Wid | Cum% | Wid [Cum% | Wid Cum. %
1BvE Slze: Passing |Cum. % Passing |Cum. % (Passing|Cum. % (Passing |Cum. % |Passing [Cum. % |Passing [Cum. % |Passing |Cum. %|| Passing |Cum. % | Passing |Cum. % |Passing|Cum. %| Passing
34" 1000( 2001000 | 345|1000( 16.0| 1000 00 1000 | 295 100.0
142" 99.8| 20.0{100.0| 345[100.0| 16.0| 100.0 0.0 100.0 | 28.5 100.0
38" 71.5| 14.3|100.0 | 34.5(100.0| 16.0| 100.0 0.0 951 | 2841 92.9
No. 4 114 23| 589 203| 957| 153 992 0.0 758 | 224 60.3
No. 8 27| 05 6.6 23| 81.9] 13.1| 797 0.0 56.0 | 16.5 32.4
MNo. 16 19 04 1.8 06| 59.7 9.6| 59.2 0.0 433 | 128 233
No. 30 0.9 0.2 1.1 04| 368 59| 394 0.0 36.2 | 10.7 171
MNo. 50 08 02 1.0 03| 229 3T 14T 0.0 299 8.8 13.0
No. 200 0.6 01 0.3 0.1 6.0 1.0 4.0 0.0 114 34 445

Figure 5-15. SP D_30% RAP Mixture Design.
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Table 5-5. Blended Gradation of SP D Mixtures.

Sieve Size SP D_0RAP SP D_15% RAP SP D_30% RAP
3/4 100 100 100

1/2 99.9 100 100

3/8 92.6 93 92.9

No. 4 60.2 60.2 60.3

No. 8 33.4 32.1 32.4

No. 16 23.2 22.6 23.3

No. 30 14.3 15.2 17.1

No. 50 9.1 10.7 13

No. 200 2.5 3.4 4.5

Blended DFT Values

The blended DFT for each mixture can be determined based on the mixture design and aggregate
DFT information. As discussed in Chapter 4, the blended DFT of the TXDOT method (1zzo
2020) was employed. According to the findings of Chapter 4, by using measured RAP aggregate
DFT, the blended DFT values have better consistency with the mixture slab and field DFT
measurements than using the constant value (0.3). Thus, the measured RAP aggregate DFT was
suggested for use in this research.

The raw aggregate DFT values used for the blended DFT calculation are summarized in
Table 5-6. More details about how to measure aggregate DFT, such as aggregate ring fabricating
and testing, were described in Chapter 4.

Since there is no significant difference between DFT at 60 km/h and DFT at 20 km/h, only DFT
at 20 km/h values (both BMD and AMD) are used hereafter.
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Table 5-6. Summary of Raw Aggregate DFT Values.

Mix DFT of DFT of DFT of DFT of
Tvpe Stockpile Quarry BMD at BMDat AMDat AMD at
P 20km/h  60km/h  20km/h 60 km/h
FM 356  Sandstone Brownlee 0.61 0.58 0.45 0.39
FM 356  Limestone Marble Falls 0.45 0.46 0.31 0.30
IH 20 Igneous Jones Mill 0.47 0.44 0.32 0.31
IH 10 Limestone Ned Finney 0.39 0.40 0.20 0.22
IH 10 Igneous Padre 0.57 0.55 0.38 0.37
Canyon
SPD Sandstone Brownlee 0.52 0.48 0.41 0.32
SPD Limestone Servtex 0.35 0.39 0.23 0.23

The blended DFT calculation was based on the stockpile gradation and the percentage of
retaining on the No. 4 or No. 8 sieve. The DFT of fine aggregates was assigned the same value as
the coarse aggregate if the aggregates were from the same quarry and had the same product code.
More details can be found in Chapter 4. Figure 5-16 shows an example of the blended DFT
calculation. In this example, the DFT values for the sand stockpile were arbitrarily assumed, and
these values did not affect the result because the retaining of sand on sieve No. 4 or No. 8 was

Z€ero.
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Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lgneous lgneous lgneous FIELD SAND Fractionated RAP
Bin % 38.3 16 25 6 14.7

No. 4, Cum % Passing 34.3 35 954 100 75.8
Retained on No. 4, % 65.7 65 46 0 242

% Used 25.1631 104 1.15 0 3.5574
Nomalized 62.49 25.83 2.86 0.00 8.83
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 29.37 12.14 1.34 0.00 5.04
Stockpile DFT (AMD)*100 20.00 8.26 0.91 0.00 4.33

(a)

Aggregate Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.8
Source: lgneous lgneous lgneous FIELD SAND Fractionated RAP
Bin % 38.3 16 25 6 14.7

No. 8, Cum % Passing 9.6 7.8 71.2 100 56
Retained on No. 8, % 90.4 92.2 28.8 0 44
% Used 34.6232 14.752 7.2 0 6.468
Normalized 54.92 23.40 11.42 0.00 10.26
Aggregate DFT (BMD) *100 |47.00 47.00 47.00 40.00 57.00
Aggregate DFT (AMD) *100 |32.00 32.00 32.00 30.00 49.00
Stockpile DFT (AMD) *100 25.81 11.00 5.37 0.00 5.85
Stockpile DFT (AMD)*100 17.57 7.49 3.65 0.00 5.03

(b)

Figure 5-16. IH 20_15% RAP (SAC-A) Mixture Blended DFT Results Based on the
Retaining of (a) the No. 4 Sieve and (b) the No. 8 Sieve.

The researchers performed the blended DFT calculations for the 20 mixtures, and Table 5-7
summarizes the findings.
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Table 5-7. Summary of Blended DFT Values Using Measured RAP DFT.

Mixture Name Blended Blended Blended Blended
DFT * DFT*  DFT*  DFT*
100 100 100 100
(BMD, (BMD, (AMD, (AMD,
+#4) +#8) +#4) +#8)
FM 356_0 RAP 57.3 55.6 41.8 40.3
FM 356_15% RAP (SAC-A) 57.7 56.5 42.8 41.9
FM 356_30% RAP (SAC-A) 57.1 56 42.8 424
FM 356_15% RAP (SAC-B) 56 53.9 40.7 38.8
FM 356_30% RAP (SAC-B) 53.4 50.9 38,5 36.3
IH 20 0 RAP 47.0 47.0 32.0 32.0
IH 20_15% RAP (SAC-A)  47.9 48 335 33.7
IH 20_30% RAP (SAC-A) 48.8 49.1 35.1 35.6
IH 20_15% RAP (SAC-B) 45.9 45.8 31.2 31.1
IH 20_30% RAP (SAC-B) 44.8 44.5 30.4 30.1
IH 10 0 RAP 48.3 46.2 29.3 27.2
IH 10_15% RAP (SAC-A) 49.4 47.8 31.1 29.9
IH 10_30% RAP (SAC-A) 49.7 48.7 32.2 31.8
IH 10_15% RAP (SAC-B) 47.8 45.7 29.3 27.3
IH 10_30% RAP (SAC-B) 46.7 44.6 28.7 26.9
SP D_0RAP 44.3 41.1 334 29.8
SP D_15% RAP (SAC-A) 44.8 42.1 34.2 31.2
SP D_30% RAP (SAC-A) 46.1 43.8 35.7 33.2
SP D_15% RAP (SAC-B) 42.8 40 31.8 28.7
SP D_30% RAP (SAC-B) 42.1 39.6 31 28.2

SLAB TEST RESULTS

Below presents the test results of the slab tests. For each mixture, at least two slabs were
fabricated. Each slab was polished by a three-wheel polish machine and eventually went through
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115,000 cycles. The researchers stopped the polishing at 500, 1,500, 3,000, 6,000, 10,000,
15,000, 25,000, 40,000, 60,000, 85,000 and 115,000 cycles to conduct the DFT, CTM (for
macrotexture determination), and ARTS test (for macrotexture and microtexture determination).
The changing of the texture (micro- and macro-MPD) and the DFT friction number during
polishing were then investigated.

The test results are summarized below. For the convenience of comparison, the curves of 0 RAP,
15 percent RAP, and 30 percent RAP are plotted together in one figure, and each curve was
plotted based on the averaged values of two slabs.

FM 356 Mixture Slab DFT Results

Figure 5-17 and Figure 5-18 show the DFT results of FM 356 mixtures with SAC-A RAP and
SAC-B RAP, respectively.

Each curve shows that the DFT values on the mixture slabs first increased, and the maximum
DFT values occurred at approximately 500-3,000 polish cycles. This increase was due to
removing the excess binder from the surface and exposing the aggregate. After reaching the peak
point, the DFT values decreased as the polish cycle increased. The DFT values reached a
relatively stable number at around 100,000 cycles.

Overall, the addition of SAC-A RAP increases the mixture slab DFT values, while SAC-B RAP
decreases the slab DFT values.
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Figure 5-17. DFT Test Results on FM 356 Mixture with SAC-A RAP Slabs at (a) 20 km/h
and (b) 60 km/h.
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DFT@20km/h
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Figure 5-18. DFT Test Results on FM 356 Mixture with SAC-B RAP Slabs at (a) 20 km/h
and (b) 60 km/h.

IH 20 Mixture Slab DFT Results

Figure 5-19 and Figure 5-20 show the DFT results of IH 20 mixtures with SAC-A RAP and
SAC-B RAP, respectively. These figures show a clear trend that IH 20_30% RAP (SAC-A) >
IH 20_15% RAP (SAC-A) > IH 20_ 0 RAP > IH 20_15% RAP (SAC-B) > IH 20_30% RAP
(SAC-B) in terms of both DFT @ 20 km/h and DFT @ 60 km/h values.
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DFT@20km/h
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Figure 5-19. DFT Test Results on IH 20 Mixture with SAC-A RAP Slabs at (a) 20 km/h and
(b) 60 km/h.
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DFT@20km/h
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Figure 5-20. DFT Test Results on IH 20 Mixture with SAC-B RAP Slabs at (a) 20 km/h and
(b) 60 km/h.

IH 10 Mixture Slab DFT Results

Figure 5-21 and Figure 5-22 show the DFT results of IH 10 mixtures with SAC-A RAP and
SAC-B RAP, respectively. Figure 5-21 clearly shows that IH 10_30% RAP (SAC-A) >

IH 10_15% RAP (SAC-A) > IH 10_0 RAP in terms of both DFT @ 20 km/h and DFT @

60 km/h values. It indicates that the addition of SAC-A RAP increases the slab DFT values.
Figure 5-22 shows that the ranking is IH 10_15% RAP (SAC-B) > IH 10_0 RAP > IH 10_30%
RAP (SAC-B), which indicates that the addition of SAC-B RAP decreases the slab DFT values.
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DFT@20km/h
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Figure 5-21. DFT Test Results on IH 10 Mixture with SAC-A RAP Slabs at (a) 20 km/h and
(b) 60 km/h.
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Figure 5-22. DFT Test Results on IH 10 Mixture with SAC-B RAP Slabs at (a) 20 km/h and
(b) 60 km/h.

SP D Mixture Slab DFT Results

Figure 5-23 and Figure 5-24 show the DFT results of SP D mixtures with SAC-A RAP and
SAC-B RAP, respectively. The addition of SAC-A RAP increases the slab DFT values, while the
addition of SAC-B RAP decreases the slab DFT values. The trend shows that SP D_30% RAP
(SAC-A) > SP D_15% RAP (SAC-A) >SP D_0RAP >SP D _15% RAP (SAC-B) > SP D_30%
RAP (SAC-B) in terms of both DFT @ 20 km/h and DFT @ 60 km/h values.
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Figure 5-23
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Figure 5-24. DFT Test Results on SP D Mixture with SAC-B RAP Slabs at (a) 20 km/h and
(b) 60 km/h.

FM 356 Mixture Slab Texture Results

As explained in Chapter 4, the CTM test was used to determine the mixture slab surface macro-
MPD, while the ARTS test was used to determine both macro-MPD and micro-MPD. The
previous research findings show that the CTM macro-MPD values have a good relationship with
the ARTS macro-MPD values. Their value differences are not significant (usually less than
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10 percent). Thus, only CTM macro-MPD and ARTS micro-MPD results are presented in this
report.

Figure 5-25 and Figure 5-26 show the macro-MPD and micro-MPD results of FM 356 mixtures
with SAC-A RAP and SAC-B RAP, respectively. Neither macro-MPD nor micro-MPD ranking
is consistent with DFT ranking among the mixtures with different RAP percentages.
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Figure 5-25. Texture Test Results on FM 356 Mixture with SAC-A RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.
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Figure 5-26. Texture Test Results on FM 356 Mixture with SAC-B RAP Slabs at (a) CTM

Macro-MPD and (b) ARTS Micro-MPD.

ixture Slab Texture Results

27 and Figure 5-28 show the macro-MPD and micro-MPD results of IH 20 mixtures

are not consistent with DFT rankings.
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Figure 5-27. Texture Test Results on IH 20 Mixture with SAC-A RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.
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Figure 5-28. Texture Test Results on IH 20 Mixture with SAC-B RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.

IH 10 Mixture Slab Texture Results

Figure 5-29 and Figure 5-30 show the macro-MPD and micro-MPD results of IH 20 mixtures
with SAC-A RAP and SAC-B RAP, respectively. Neither macro-MPD nor micro-MPD has a
consistent ranking with DFT rankings.
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Figure 5-29. Texture Test Results on IH 10 Mixture with SAC-A RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.
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Figure 5-30. Texture Test Results on IH 10 Mixture with SAC-B RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.

SP D Mixture Slab Texture Results

Figure 5-31 and Figure 5-32 show the macro-MPD and micro-MPD results of SP D mixtures
with SAC-A RAP and SAC-B RAP, respectively. The micro-MPD ranking of mixtures with
different SAC-A RAP percentages (Figure 5-31b) and the macro-MPD ranking of mixtures with
different SAC-B RAP percentages are consistent with corresponding DFT rankings.
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Figure 5-31. Texture Test Results on SP D Mixture with SAC-A RAP Slabs at (a) CTM
Macro-MPD and (b) ARTS Micro-MPD.
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Figure 5-32. Texture Test Results on SP D Mixture with SAC-B RAP Slabs at (a) CTM

Macro-MPD and (b) ARTS Micro-MPD.

ANALYSIS

The relationship between the aggregate blended DFT value and the mixture slab DFT value was
investigated below. For simplicity and clarity, the aggregate blended DFT values determined
based on the retaining of the No. 4 Sieve (both BMD and AMD) were selected. The slab DFT
values (@ 20 km/h) at 3,000 and 115,000 polish cycles were selected to represent the maximum
and minimum mixture DFT values and compare with the aggregate BMD and AMD DFT values,
respectively. Details are described below.
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FM 356 Mixtures

Figure 5-33 shows the aggregate blended DFT and mixture slab DFT values of FM 356 mixtures
with SAC-A RAP and SAC-B RAP. In general, both blended DFT and slab DFT rankings show
that 30 percent SAC-A RAP > 15 percent SAC-A RAP > 0 percent RAP > 15 percent SAC-B
RAP > 30 percent SAC-B RAP. Figure 5-33a shows a different trend in which the FM 356_15%
RAP (SAC-A) mixture has the highest blended and slab DFT values.
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R Blended DFT * 100 (BMD, +#4) m Slab DFT * 100 (@ 3000 Cycles) Blended DFT * 100 (AMD, +#4) m Slab DFT * 100 (@ 115000 cYCLES)
80 50 a8 428 42 a
60 40
30
40
20
0 0
FM 356_0 RAP FM 356_15% RAP (SAC-A) FM 356_30% RAP (SAC-A) FM 356_0 RAP FM 356_15% RAP (SAC-A) FM 356_30% RAP (SAC-A)
Impact of RAP on FM 356 Mlxtures (SAC-B, Blended Impact of RAP on FM 356 Mixtures (SAC-B, Blended
BMD DFT vs. Slab DFT @3000 Cycles) AMD DFT vs. Slab DFT @115000 Cycles)
3 Blended DFT * 100 (BMD, +#4) m Slab DFT * 100 (@ 3000 Cycles) [ Blended DFT * 100 (AMD, +#4)  m Slab DFT * 100 (@ 115000 cYCLES)
80 50 09
57.3 56 40
60 20 165 53.4 - "
40 §
20
0 0
FM 356_0 RAP FM 356_15% RAP (SAC-B) FM 356_30% RAP (SAC-B) FM 356_0 RAP FM 356_15% RAP (SAC-B) FM 356_30% RAP (SAC-B)
(c) (d)

Figure 5-33. Impact of RAP on FM 356 Mixtures: (a) SAC-A RAP, Blended BMD DFT,
and Slab DFT at 3,000 Cycles; (b) SAC-A RAP, Blended AMD DFT, and Slab DFT at
115,000 Cycles; (c) SAC-B RAP, Blended BMD DFT, and Slab DFT at 3,000 Cycles; and
(d) SAC-B RAP, Blended AMD DFT, and Slab DFT at 115,000 Cycles.

IH 20 Mixtures

Figure 5-34 shows the aggregate blended DFT and mixture slab DFT values of IH 20 mixtures
with SAC-A RAP and SAC-B RAP. Again, the ranking is 30 percent SAC-A RAP > 15 percent
SAC-A RAP > 0 percent RAP > 15 percent SAC-B RAP > 30 percent SAC-B RAP for both
aggregate blended DFT and mixture slab DFT values.
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Figure 5-34. Impact of RAP on IH 20 Mixtures: (a) SAC-A RAP, Blended BMD DFT, and
Slab DFT at 3,000 Cycles; (b) SAC-A RAP, Blended AMD DFT, and Slab DFT at 115,000
Cycles; (c) SAC-B RAP, Blended BMD DFT, and Slab DFT at 3,000 Cycles; and (d) SAC-B
RAP, Blended AMD DFT, and Slab DFT at 115,000 Cycles.

IH 10 Mixtures

Figure 5-35 shows the aggregate blended DFT and mixture slab DFT values of IH 10 mixtures
with SAC-A RAP and SAC-B RAP. Again, the rankings are 30 percent SAC-A RAP >

15 percent SAC-A RAP > 0 percent RAP > 15 percent SAC-B RAP > 30 percent SAC-B RAP
for both aggregate blended DFT and mixture slab DFT values.
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Figure 5-35. Impact of RAP on IH 10 Mixtures: (a) SAC-A RAP, Blended BMD DFT, and
Slab DFT at 3,000 Cycles; (b) SAC-A RAP, Blended AMD DFT, and Slab DFT at 115,000
Cycles; (c) SAC-B RAP, Blended BMD DFT, and Slab DFT at 3,000 Cycles; and (d) SAC-B
RAP, Blended AMD DFT, and Slab DFT at 115,000 Cycles.
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SP D Mixtures

Figure 5-36 shows the aggregate blended DFT and mixture slab DFT values of SP D mixtures
with SAC-A RAP and SAC-B RAP. Except for Figure 5-36¢, where the SP D_15 percent RAP
shows the smallest slab DFT value, the rankings are 30 percent SAC-A RAP > 15 percent
SAC-A RAP > 0 percent RAP > 15 percent SAC-B RAP > 30 percent SAC-B RAP for both
aggregate blended DFT and mixture slab DFT values.
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Figure 5-36. Impact of RAP on SP D Mixtures: (a) SAC-A RAP, Blended BMD DFT, and
Slab DFT at 3,000 Cycles; (b) SAC-A RAP, Blended AMD DFT, and Slab DFT at 115,000
Cycles; (c) SAC-B RAP, Blended BMD DFT, and Slab DFT at 3,000 Cycles; and (d) SAC-B
RAP, Blended AMD DFT, and Slab DFT at 115,000 Cycles.

Relationship between Aggregate Blended DFT and Mixture Slab DFT Values

The above results confirm a correlation between the aggregate blended DFT and the mixture slab
DFT. By combining all the mixtures, the relationships between the aggregate blended DFT and
the mixture slab DFT are shown in Figure 5-37. The AMD aggregate blended DFT and the
mixture slab DFT at 3,000 polish cycles has the best relationship and the highest R? value
(Figure 5-37b). Therefore, the researchers suggested using the relationship between the AMD
aggregate DFT and the AMD blended DFT to develop the SAC rating for RAP materials.
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Figure 5-37. Relationship between Aggregate Blended DFT and Mixture Slab DFT:
(a) 3,000 Cycles vs. BMD, (b) 3,000 Cycles vs. AMD, (c) 115,000 Cycles vs. BMD, and
(d) 115,000 Cycles vs. AMD.

SUMMARY AND CONCLUSIONS

Different RAP materials were characterized by the ignition oven test, sieving analysis, Micro-
Deval test, aggregate ring tests, including the CTM, ARTS, and DFT test (before and after
Micro-Deval). In addition, the laboratory-produced RAP was fabricated to obtain a SAC-B RAP
with the same gradation and binder content of the SAC-A RAP. To study the impact of RAP
(different types and different percentages), twenty asphalt mixtures were designed. For each
mixture, at least two slabs were fabricated. Each slab was polished by a three-wheel polish
machine and eventually went through 115,000 cycles. The researchers stopped the polishing at
500, 1,500, 3,000, 6,000, 10,000, 15,000, 25,000, 40,000, 60,000, 85,000, and 115,000 cycles to
conduct the DFT, CTM (for macrotexture determination), and ARTS test (for macrotexture and
microtexture determination). The changing of the texture (micro- and macro-MPD) and the DFT
friction number during polishing were then investigated.

By assembling the slab test results, raw aggregate information, aggregate blended DFT values,
and RAP test results, the conclusions and findings are summarized as follows:

¢ RAP has a significant influence on the skid resistance of the asphalt mixture. In general,
the addition of SAC-A RAP increases the mixture slab DFT values, while SAC-B RAP
decreases the slab DFT values.

e According to the slab DFT test result of the 20 mixtures, the dominant ranking is
30 percent SAC-A RAP > 15 percent SAC-A RAP > 0 percent RAP > 15 percent SAC-B
RAP > 30 percent SAC-B RAP for each surface mix type.

149



e Neither macro-MPD nor micro-MPD has a consistent DFT ranking among the mixtures
with different RAP percentages.

e The blended DFT ranking was consistent with the mixture slab DFT ranking using the
measured RAP aggregate DFT values. It confirms the conclusion in Chapter 4 that
assuming a constant DFT value (e.g., 0.3) for all RAP may lead to unreasonable
estimations on the skid resistance of the mixture.

e The AMD blended DFT (determined based on AMD aggregate DFT values) has a
stronger relationship with mixture slab DFT than BMD blended DFT. Thus, the RAP
aggregate AMD DFT is suggested to develop the SAC rating for RAP materials.

In general, the addition of SAC-A RAP increases the mixture slab DFT values, while SAC-B
RAP decreases the slab DFT values. The texture test results (macro-MPD and micro-MPD) do
not show this trend. The DFT values, such as aggregate blended DFT values and mixture slab
DFT values, will be combined and analyzed in the next chapter. The findings of Chapters 3, 4,
and 5 will be combined to develop guidelines for using RAP in surface mixes.
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CHAPTER 6 PRELIMINARY CRITERIA AND GUIDELINES FOR USING
RAP IN SURFACE MIXES

The researchers have presented field evaluation, RAP and raw aggregate characterization, RAP
mixture design, and RAP mixture slab testing results in previous chapters. These investigations
focused on the skid resistance and texture of the aggregate, mixture, and pavement surface.
Based on the research results and findings, the researchers determined the potential of using RAP
to conserve SAC-A resources and evaluated the impact of RAP on mixtures’ skid resistance.
According to quantified test results and regression relationships between aggregate and mixture,
the researchers developed preliminary criteria and guidelines for using RAP in surface mixes to
enhance skid resistance.

This chapter is organized into the following sections:

Rationales for the guideline development by summarizing the previous findings.
Developed criteria and guidelines.

Application of the criteria and guidelines.

Summary of the findings and conclusions.

RATIONALE

This section briefly summarizes the previous investigation and findings and provides rationales
for the guideline development.

Field Test Section Evaluation

For field evaluation, the researchers identified three districts reporting low field skids in their
corresponding SAC-A sections: the Lufkin District (FM 356), Atlanta District (IH 20), and

El Paso District (IH 10). DFT, MPD, and ARTS tests were performed on the field sections. The
researchers also collected and characterized all the raw aggregates and RAP aggregates used in
FM 356, IH 20, and IH 10 mixtures. The aggregate tests included sieving analysis, Micro-Deval,
and aggregate ring tests (DFT and ARTS tests). The corresponding mixture slabs were fabricated
for the three-wheel polishing, DFT, and laser texturing tests (ARTS and CTM) at certain
polished cycles.

Figure 6-1 shows each mixture’s SAC-A aggregate stockpile percentages ( percent SAC-A) and
the coarse SAC-A percentages (percent plus #4 from SAC-A). The FM 356 section surface
mixture is Superpave C with 29 percent sandstone (SAC-A); the coarse SAC-A (retaining on the
No. 4 sieve from the SAC-A) aggregate is 63.8 percent on total coarse aggregate. The IH 20
section surface mixture is dense-graded Type D with 90 percent igneous aggregates (SAC-A,
coarse and fine) and 10 percent sand; the coarse SAC-A (retaining on the No. 4 sieve from the
SAC-A) aggregate is 100 percent on total coarse aggregate. The IH 10 section surface mixture is
Superpave C with 28 percent igneous (SAC-A); the coarse SAC-A (retaining on the No. 4 sieve
from the SAC-A) aggregate is 53.4 percent on total coarse aggregate.

The FM 356 and IH 10 mixture have 20 percent RAP, and the IH 10 mixture has no RAP. In the
current specification, RAP is always categorized as SAC-B aggregate. Standard Specifications
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for Construction and Maintenance of Highways, Streets, and Bridges (TXDOT, 2014) specifies
that “Class B aggregate may be blended with a Class A aggregate to meet requirements for Class
A materials. Ensure that at least 50% by weight, or volume if required, of the material retained
on the No. 4 sieve comes from the Class A.” Since the coarse SAC-A percentages of the three
test sections are all larger than 50 percent, all three mixtures belong to SAC-A materials.

E % SAC-A = % plus #4 from SAC-A

120
100
100 90
80 ——
63.8 —
60 N = N\ 53.4
I@&‘\S E %@ﬁ \.'\'\"\."\.'\'\"\."\.:
40 S —— 28
20 N —— s
0 5\\\\“ B sy E= i
FM 356 IH 20 IH 10

Figure 6-1. Stockpile Percentages of SAC-A Aggregates (% SAC-A) and Coarse SAC-A
Percentages (% plus #4 from SAC-A) of Three Test Sections.

The surface DFT results of field pavements and mixture slabs are shown in Figure 6-2 and
Figure 6-3, respectively. The results show IH 20 > FM 356 > IH 10 regarding the DFT ranking.
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Figure 6-2. Pavement Surface DFT (@ 20 km/h) Results of Three Test Sections.
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Figure 6-3. Mixture Slab Surface DFT (@ 20 km/h) Results of Three Test Sections.

Neither the micro-MPD ranking nor the macro-MPD ranking is consistent with the DFT ranking
of the field pavements or lab-molded mixture slabs. As seen in Figure 6-4, the ranking is IH 10 >
IH 20 > FM 356 in terms of macro-MPD and FM 356 > IH 10 > IH 20 in terms of micro-MPD.
Thus far, no consistent relationships have been developed for pavement texture and friction, so
the criteria proposed in this research will mainly rely on DFT results.

CTM Macro-MPD, mm = ARTS Micro-MPD, mm
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Figure 6-4. Pavement Surface CTM Macro-MPD and ARTS Micro-MPD Results of Three
Test Sections.

RAP and Virgin Aggregate Characterization

In this study, the researchers characterized virgin and RAP aggregates through sieve analysis,
Micro-Deval, aggregate ring DFT, and texturing (ARTS micro-MPD) tests. The RAP materials
include RAP stockpile from Knife River Company, RAP stockpile from Vulcan Materials
Company (used in FM 356 surface mixture), RAP stockpiles from El Paso County (used in IH 10
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surface mixture), SH 37 (SAC-A pavement surface-milled RAP), and lab-produced RAP using
SAC-B aggregates. Among these RAP materials, the SH 37 RAP was milled directly from SH 37
pavement surface mixture, and the other RAP materials may be a blend from different pavement
surface mixtures.

Figure 6-5 shows the Micro-Deval test results (percent loss) for 12 types of aggregates, including
virgin and RAP aggregates. The aggregate ring DFT test results are shown in Figure 6-6. In this
figure, BMD indicates the aggregate before Micro-Deval abrasion, and AMD indicates the
aggregate after Micro-Deval abrasion. The SH 37 RAP has the highest DFT values among the
five RAP materials for BMD and AMD, and the lab-produced RAP has the lowest DFT values.

Micro-Deval Results
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Figure 6-5. Aggregate Micro-Deval Test Results.
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Figure 6-6. Aggregate Ring DFT Test Results.
Blended DFT Calculation

The blended DFT calculation method in this research is similar to that used by MDOT (MDOT
2012a, 2012b, and 2016) and TxDOT Soils and Aggregates Section (1zzo 2020). The main
difference is incorporating RAP: this research proposes using the measured RAP aggregate DFT
value rather than 0.3 for all RAP.

154



The calculation is based on the stockpile percentages and the percentage of coarse components
(retained on the No. 4 sieve) of each stockpile. The DFT of fine aggregates was assigned the
same value as the coarse aggregate if the aggregates were from the same quarry and had the
same product code. More details can be found in Chapter 4.

Figure 6-7 shows the blended DFT results for the mixtures from the three test sections. The
blended DFT ranking is FM 356 > IH 20 > IH 10 for both BMD and AMD, inconsistent with the
DFT ranking of pavement surface or mixture slabs. One potential reason is that blended DFT
considers only coarse aggregate, while mixture slab DFT may be impacted by coarse aggregate
and fine aggregate components. The portions and the types of the fine aggregate components in
FM 356, IH 20, and IH 10 mixtures are different.

Blended DFT * 100 (BMD) = Blended DFT * 100 (AMD)
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Figure 6-7. Blended DFT Results Based on BMD and AMD Aggregate for Three Test
Sections.

The researchers also redesigned mixtures by adjusting RAP percentages and compared the
blended DFT ranking with the corresponding mixture slab DFT ranking. The result shows that
for a given mixture type (or gradation type), the blended DFT ranking is consistent with the
mixture slab DFT ranking using the measured RAP aggregate DFT values. However, if using a
constant DFT number for all RAP (e.g., 0.3), the blended DFT ranking was not consistent with
the mixture slab DFT ranking. It indicates that assuming a constant DFT value for all RAP may
lead to unreasonable estimations on the skid resistance of mixtures.

Impact of RAP on the Skid Resistance of Asphalt Mixtures
Four surface mix types—Superpave C (redesigned FM 356 mixtures), Superpave C (redesigned

IH 10 mixtures), dense-graded Type D (redesigned IH 20 mixtures), and Superpave D (SP D
mixtures)—were investigated in this research. Three RAP percentages (0, 15, and 30 percent)
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and two RAP types (SAC-A [milled from SH 37] and SAC-B [lab-produced]) were considered
for each mix type.

Thus, there were five different mixtures for each surface mix type (0 RAP, 15 percent SAC-A
RAP, 15 percent SAC-B RAP, 30 percent SAC-A RAP, and 30 percent SAC-B RAP). For
convenience, the researchers named the redesigned FM 356 mixtures as follows: FM 356 _0
RAP, FM 356_15% RAP (SAC-A), FM 356_15% RAP (SAC-B), FM 356_30% RAP (SAC-A),
and FM 356 _30% RAP (SAC-B). Accordingly, for the other mixtures, only the “FM 356”
needed to be replaced with other names, such as “IH 107, “IH 20”, or “SP D.”

The combination led to 20 (4 x 5) different asphalt mixtures. The combined gradation was
designed to be the same (or very close) among different RAP percentages for each surface mix
type. For each mixture, two slabs were fabricated and investigated. Three-wheel polishing, DFT,
and laser texturing tests ARTS and CTM were performed on each slab. The polishing on each
slab went through 115,000 cycles. The researchers stopped the polishing at 500, 1,500, 3,000,
6,000, 10,000, 15,000, 25,000, 40,000, 60,000, 85,000, and 115,000 cycles to conduct the DFT
and texturing tests.

The researchers found that the DFT values on the mixture slabs first increased, and the maximum
DFT values occurred at approximately 500-2,000 polish cycles. This increase was due to
removing the excess binder from the surface and exposing the aggregate. After reaching the peak
point, the DFT values decreased as the polish cycle increased. The DFT values reached a
relatively stable number at around 100,000 cycles (close to the minimum DFT values).

Table 5-7 lists the aggregate blended DFT and slab DFT values for the 20 mixtures. The slab
DFT value at 3,000 polish cycles is usually close to the peak value to simulate the initial
condition of pavement surface (e.g., half or one year after the pavement construction). The slab
DFT value at 115,000 polish cycles is usually the lowest. The blended DFT values based on the
aggregates (both BMD and AMD) of each mixture were determined and listed in Table 6-1.
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Table 6-1. Summary of Aggregate Blended DFT and Slab DFT Values.

Blended ?)Il_:'?\rli Blended %II‘:'.A‘IE
: DFT * DFT *
Mixture Name 100 éoooog@ 100 ﬁg (()%ﬁo
(BMD) c;/cles) (AMD) cycl’es)

FM 356_0 RAP 57.3 49 41.8 33

FM 356_15% RAP (SAC-A) 57.7 52 42.8 35

FM 356_30% RAP (SAC-A) 57.1 50.5 42.8 37.5
FM 356_15% RAP (SAC-B) 56 46.5 40.7 31

FM 356_30% RAP (SAC-B) 53.4 45 38.5 21.5
IH20 0 RAP 47.0 47.5 32.0 31

IH 20_15% RAP (SAC-A) 47.9 48.5 33.5 34.5
IH 20_30% RAP (SAC-A) 48.8 55 35.1 39.5
IH 20_15% RAP (SAC-B) 45.9 45 31.2 29

IH 20_30% RAP (SAC-B) 44.8 42 304 29.5
IH10_0 RAP 48.3 26 29.3 18

IH 10_15% RAP (SAC-A) 49.4 31 31.1 21.5
IH 10_30% RAP (SAC-A) 49.7 38 32.2 25.5
IH 10_15% RAP (SAC-B) 47.8 25.5 29.3 17.5
IH 10_30% RAP (SAC-B) 46.7 22.5 28.7 16.5
SP D_O0RAP 44.3 35 334 19

SP D_15% RAP (SAC-A) 44.8 41 34.2 21.5
SP D_30% RAP (SAC-A) 46.1 46 35.7 25

SP D_15% RAP (SAC-B) 42.8 31 31.8 16.5
SP D_30% RAP (SAC-B) 42.1 35 31 15.5
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Figure 6-8 shows the slab DFT results for IH 20 redesigned mixtures. Overall, the slab DFT
ranking is 30 percent RAP (SAC-A) > 15 percent RAP (SAC-A) > 0 RAP > 15 percent RAP
(SAC-B) > 30 percent RAP (SAC-B). This ranking is consistent with the blended DFT ranking
using the measured RAP aggregate DFT values for calculation.
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Figure 6-8. Mixture Slab DFT (@ 20 km/h) Results of IH 20 Redesigned Mixtures.

According to the results in Chapter 5, the researchers found that there is a stronger relationship
between the aggregate blended DFT (AMD) and the mixture slab DFT at 3,000 polish cycles
than other combinations (e.g., blended DFT [BMD] vs. slab DFT at 3,000 polish cycles). The
following regression equation was developed to predict the mixture slab DFT at 3,000 cycles
based on the aggregate blended DFT (AMD).

DFTgq, = 1.896 * DFTgiengeq — 0.221 + G (6-1)
where DFTsiap is the DFT values measured on mixture slab surface at 20 km/h and after 3,000
polish cycles, DFTgiended IS the aggregate blended DFT value (AMD) of the corresponding
mixture, and G is the gradation adjusting factor (-0.07 for Superpave C, —0.033 for SP D, and
0.082 for Type D).

According to Equation 6-1, the DFTsian for 20 mixtures in Table 6-1 can be predicted based on
the corresponding DFTgiended (AMD) values. Figure 6-9 compares the measured and predicted
slab DFT values of the 20 mixtures.
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Predicted vs. Measured Slab DFT
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Figure 6-9. Comparison Between the Measured and Predicted Slab DFT Values.

PIARC has developed the IFI as a universal method for reporting pavement friction
characteristics and harmonizing the results from different devices for measuring pavement
surface friction. The model incorporates DFT at 20 km/h (DFT20) and CTM measurements
(macro-MPD). The IFI is calculated according to ASTM E1960: Standard Practice for
Calculating International Friction Index of a Pavement Surface (ASTM 2015b), as follows:

S, = 14.2 +89.7 MPD (6-2)

—40

IFI = 0.081 4 0.732DFT,pe 5p (6-3)

where S, is the speed constant parameter, MPD is the macro-MPD measured using CTM, and
DFTa2o is the coefficient of friction at 20 km/h measured by the DFT.

In the TXDOT Project 0-6746, a model was developed to predict the skid number SN (50) of the
asphalt pavement surface (Chowdhury et al. 2017):

—20

SN (50) = 4.81 + 140.32(IFI — 0.045)e 57 (6-4)

where SN (50) is the skid number measured at 50 mph (80 km/h). This measurement is
conducted by locking the trailer’s left wheel at periodic intervals while a metered amount of
water is sprayed on the pavement ahead of the left tire (TXxDOT 2021).
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After incorporating the slab DFT values (at 3,000 cycles) and the CTM macro-MPD values into
Equations 6-2, 6-3, and 6-4, the IFI and SN (50) for each mixture were determined and listed in
Table 6-2.

Table 6-2. Summary of IFI and SN (50) Values.

Mixture Name Slab DFT *  Blended Macro- IFI SN (50)
100 (@ DFT *100 MPD,
3,000 cycles) (AMD, +#4) mm
FM 356_0 RAP 49 41.8 0.748 0.261 26.3
FM 356_15% RAP (SAC-A) 52 42.8 0.661 0.278 28.4
FM 356_30% RAP (SAC-A) 50.5 42.8 0.641 0.270 27.3
FM 356_15% RAP (SAC-B) 46.5 40.7 0.865 0.247 24.7
FM 356_30% RAP (SAC-B) 45 385 0.537 0.239 23.7
IH 20_0 RAP 47.5 32 0.682 0.253 25.3
IH 20_15% RAP (SAC-A) 48.5 33.5 0.730 0.259 26.0
IH 20_30% RAP (SAC-A) 55 35.1 0.694 0.296 305
IH 20_15% RAP (SAC-B) 45 31.2 0.473 0.239 23.7
IH 20_30% RAP (SAC-B) 42 30.4 0.408 0.223 21.8
IH 10_0 RAP 26 29.3 0.513 0.147 13.2
IH 10_15% RAP (SAC-A) 31 31.1 0.500  0.169 15.6
IH 10_30% RAP (SAC-A) 38 32.2 0.460 0.202 194
IH 10_15% RAP (SAC-B) 25.5 29.3 0.772 0.144 12.9
IH 10_30% RAP (SAC-B) 22.5 28.7 0.473 0.132 11.7
SP D_0RAP 35 334 0.775 0.188 17.7
SP D_15% RAP (SAC-A) 41 34.2 0.653 0.218 21.2
SP D_30% RAP (SAC-A) 46 35.7 0.657  0.245 243
SP D_15% RAP (SAC-B) 31 31.8 0462 0169 156
SP D_30% RAP (SAC-B) 35 31 0.460 0.188 17.7
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The SN (50) can be predicted based on the aggregate blended DFT values after combining
Equations 6-1 through 6-4. Figure 6-10 shows the SN (50) prediction based on assumed
aggregate blended DFT values (0.1-0.6) for Superpave C, SP D, and Type D mixtures.

SN (50) vs. Blended DFT
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O v
0 10 20 30 40 50 60 70
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Figure 6-10. Prediction of SN (50) Based on Aggregate Blended DFT Values.

The researchers also made the SN (50) prediction by combining all mixtures, as seen in
Figure 6-11.

SN (50) vs. Blended DFT
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Blended DFT *100
Figure 6-11. Prediction of SN (50) by Combining All Mixtures.

As seen in Figure 6-10 and Figure 6-11, if using 30 as a threshold of SN (50), the corresponding
aggregate blended DFT (DFTBgiended) after times 100 is 43 for Superpave C mixture and 41.5 if
mixtures are combined.
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CRITERIA AND GUIDELINES

Below describes the criteria and guidelines for using RAP in the surface mixes to meet skid

requirements. The criteria and guidelines include SAC criteria for virgin aggregate, RAP

aggregate, and blended aggregate. The details are below.

TxDOT Form 2088

TxDOT Form 2088 (TXDOT 2021) provides the current guideline for selecting the aggregates

for HMA surfacing. In this guideline, users can fill the table to estimate the demand for friction
(or frictional demand) and friction supply (or friction available) based on the specific level of
requirements. Figure 6-12 shows an example of using Form 2088 to determine the SAC
requirement. As seen in the figure, since the total frictional demand is 18, users must choose

SAC-A aggregate to make the total friction available equal to 20 to meet the requirement (the
total available friction equals or exceeds the total frictional demand).

Selection Guidelines for Bituminous Surface Aggregate Classification (SAC) DE:‘:SFNEC?'S
o Low Moderate High
Demand for Friction 1 2 3
(1) (2) (3)
Rain Fall (inches/year) <20 >20 <40 >40 X
Traffic (ADT) <5000 >5000 <15,000 >15,000 X
Speed (mph) <35 >35 <60 >60 X
Trucks (%) <8 >8 <15 >15 <
Vertical Grade (%) <2 >2 <5 >5 <
Horizontal Curve (°) <3 >3 <7 >7 X
Driveways (per mile) <5 >5 <10 >10
Intersecting Roadways (ADT) <500 >500 <750 >750 =4
Wet Surface Crashes (%) <5 >5<15 =15
Summary of Total 18
Frictional Demand
. i s Low Moderate High
*Available Friction 2 5 8
(2) (3) (8)
Cross Slope (%) <2 2-3 3-4 =4
Surface Design Life (years) >10 >5 <10 <5 =4 [l
Fine Medium ('(;oahrse
Macro Texture uch as:
(Such as: (Such as: ~]
of proposed surface HMAC Type D' HMAC Type ', CMHB, pSFC" SM‘:" O x| O
and 'F") SuperPave, Microsurface) ed’ Coat,
NovaChip)
Aggregate MicroTexture SACC SACB SAC A O | O =4
Summary of Total 20
Friction Available
Does total available friction equal or exceed total frictional demand? | Yes No

Figure 6-12. Example of Using Form 2088 to Determine the SAC Requirement.
SAC Criteria for Virgin Aggregate

TxDOT uses procedures in Standard Specifications for Construction and Maintenance of
Highways, Streets, and Bridges (TXDOT 2014) to select aggregates for pavement surfacing. The
aggregate sources supplied to TXDOT projects are subject to sampling and testing at least twice a
year to publish the BRSQC catalog. The catalog divides the aggregate types mainly into
sandstone, limestone-dolomites, gravels, and igneous rocks and provides producer information
and rated values. The TXDOT MTD/SA assigns a SAC to all bituminous coarse aggregate
sources based on rated statistical values, according to the criteria shown in Table 6-3.
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Table 6-3. SAC Criteria for Virgin Aggregate.

Property Test Method SAC-A  SAC-B SAC-C
Acid-insoluble residue, % min ~ Tex-612-] 55 — —
5-cycle Mg, % max Tex-411-A 25 30 35
Crushed faces, 2 or more, % min Tex-460-A 85 85 85

Note: — means not applicable

According to comparison and statistical analysis, the researchers of TXDOT Project 0-6959 (Lee
et al. 2020) found that the rated source Micro-Deval can be used as an additional criterion to
initiate an additional aggregate classification for surface mixes. They recommend that the
maximum Micro-Deval loss percentages allowed for SAC-A, SAC-B, and SAC-C are 15, 30,
and 45, respectively. The proposed SAC criteria for virgin aggregate are shown in Table 6-4.

Table 6-4. Proposed SAC Criteria for Virgin Aggregate.

Property Test Method SAC-A  SAC-B SAC-C
Acid-insoluble residue, % min ~ Tex-612-J 55 — —
5-cycle Mg, % max Tex-411-A 25 30 35
Crushed faces, 2 or more, % min Tex-460-A 85 85 85
Micro-Deval loss, % max Tex-461-A 15 30 45

Note: — means not applicable

SAC Criteria for RAP Aggregate

Currently, MTD/SA specifies that all RAP aggregates belong to SAC-B. According to the
findings of this research, the researchers proposed new SAC criteria for RAP aggregate, as listed
in Table 6-5.

It means if the RAP aggregate meets the criteria in Table 6-5, the RAP may be categorized into
SAC-A RAP and be treated the same as other virgin SAC-A aggregate when determining the
SAC for the blended aggregate.

Table 6-5. Proposed SAC Criteria for RAP Aggregate.
Property Test Method SAC-A
Micro-Deval loss, % max Tex-461-A 15

: : ASTM E1911 (ASTM 2019)
* -
DFT*100 (after Micro-Deval), min on TXDOT Aggregate Ring

43

SAC Criteria for Blended Aggregate

Standard Specifications for Construction and Maintenance of Highways, Streets, and Bridges
(TxDOT 2014) specifies that “Class B aggregate may be blended with a Class A aggregate to
meet requirements for Class A materials. Ensure that at least 50% by weight, or volume if
required, of the material retained on the No. 4 sieve comes from the Class A.” Table 6-6 shows
the current criteria. The “Plus No.4 from SAC-A, % min” means the percentage of SAC-A
coarse (retained on No. 4 sieve) aggregate to all coarse (retained on No. 4 sieve) aggregate.
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Table 6-6. Current SAC Criteria for Blended Aggregate.

Property Method SAC-A
Based on the percentages of

Plus No.4 from SAC-A, % min aggregate stockpiles; RAP belongs 50
to SAC-B

According to the findings of this research, the researchers proposed new SAC criteria for
blended aggregate, as listed in Table 6-7.

Table 6-7. Proposed SAC Criteria for Blended Aggregate.

Property Method SAC-A
Based on the percentages of
Plus No.4 from SAC-A, % min aggregate stockpiles; RAP belongs 50
to SAC-A or SAC-B (Table 6-5)
r[;::nTB'e”ded x 100 (after Micro-Deval), g1 jed DFT calculation 43
APPLICATION

The FM 356 mixture was employed to demonstrate the application of the criteria and guidelines
developed in this research.

FM 356 Mixture Design

As seen in Figure 6-13, according to the current specification, the mixture (or blended aggregate)
belongs to the SAC-A category because the portion of coarse aggregate from SAC-A is
63.8 percent (larger than 50 percent) of the total coarse aggregate.
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Aggregate Llassification

Bin No.1 Bin No.2 Bin No.3 Bin No.4 Bin No.3 Bin No.6 Bin No.7 Bin No.g
Indiadual Bin (%):] Bin No.1=29 % | Bin No.2 =10 % [ Bin No.3=24.9% | BinNod =13% | BinMNob=1% BinNo.8=20.1%
Aggregate Source: Sandstone Limestone_Dolomiz | Limestone_Dolomte Fractionated RAP
Agaregate Numbsr: 1402704 1402702 1402702
Class (A) Rock [Y/N) Yes No No
Sieve Size: ) ) ) ) )
- - Indiidual Ret., % [ Individual Ret., % | Indiwidual Ret., % |Indvidual Ret., % | Indimdual Ret., % | Indvidual Ret., % | Indnidual Ret % | Indnidual Ret., %
Passing | Retained
1" 0.0 0.0 0.0 00 0.0 0.0
T kLS 00 00 0.0 00 0.0 0.0
kI 12 03 42 0.0 00 00 0.0
W Kl 72 41 00 00 00 08
Kl Mo. 4 193 15 00 00 0.0 438
No. 4 Mo. & " 0.0 53 00 00 44
No. 8 Ho. 16 00 0.0 a7 00 0.0 18
Ma. 16 Mo. 30 0.0 00 45 14 00 18
Ma. 30 Mo 50 00 00 13 45 0.0 18
Mo 50 | No. 200 0.0 00 52 87 00 34
Na. 200 Pan 06 (1 10 05 1.0 12
Total: 29.0 10.0 249 15.0 1.0 201
Percent of plus Mo. 4 23 98 00 00 00 5.6

Percent of plus No. 4 from class (A) Rock

213

Total Percent of plus Mo, 4

42 B

Percent of plus No_ 4 from class (A) Rock

63.6

Figure 6-13. FM 356 Mixture Design.

FM 356 RAP Aggregate SAC Category

Table 6-8. Determine the FM 356 RAP Aggregate SAC Category.

Table 6-8 shows the FM 356 RAP aggregate test results (the Micro-Deval loss and the aggregate
DFT) and the corresponding criteria. The percentage of Micro-Deval loss is 30.8, and the
maximum allowable value is 15. Thus, the FM 356 RAP aggregate cannot meet the SAC-A
requirement and is determined to be SAC-B.

Deval)

o Meet
Property Result SAC-A Criteria Requirement?
Micro-Deval loss, % 30.8 15 (Max) No
DFT x 100 (after Micro- 45 43 (Min) Yes

FM 356 Bended DFT

Figure 6-14 shows the aggregate blended DFT value calculation according to the FM 356
mixture design. Three rows in this figure have the term “Plus No.4, %,” and the explanation for
each is below.

e The “Plus No.4, % based on stockpile is the percentage of coarse aggregate for each
stockpile, which equals 100 minus the percentage of passing No. 4 sieve.
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e The “Plus No.4, % based on all aggregate” is the percentage of the coarse aggregate of
each stockpile to all aggregate, which equals the stockpile percentage (Bin %) times the
“Plus No.4, % based on stockpile.”

e The “Plus No.4, % based on coarse aggregate” is the percentage of the coarse aggregate
of each stockpile to total coarse aggregate, which equals the individual “Plus No.4, %
based on all aggregate” divided by the sum of “Plus No.4, % based on all aggregate” of
all the stockpiles.

The sand and lime have nothing retained on the No. 4 sieve; their contribution to blended DFT is
zero regardless of their aggregate DFT values.

Aggregate Bin No.1 |Bin No.2 [BinNo.3 |Bin No.4 |Bin No.5 |Bin No.8
Source: Sandstone Limestone_|Limestone_ |Washed Lime Fractionated
' Dolomite  [Dolomite |Sand RAP
Bin % 29 10 24.9 15 1 20.1

No. 4, Cum % Passing 5.9 1.8 99.8 100 100 72
Plus No. 4, % based on stockpile 94.1 98.2 0.2 0 0 28
Plus No. 4, % based on all aggregate 27.3 9.8 0.0 0.0 0.0 5.6
Plus No. 4, % based on coarse aggregate 63.8 23.0 0.1 0.0 0.0 13.2
Aggregate DFT (AMD) *100 45 31 31 30 0 45
Stockpile DFT (AMD)*100 28.70 7.11 0.04 0.0 0.0 5.92

Figure 6-14. FM 356 Aggregate Blended DFT Calculation.
FM 356 Blended Aggregate SAC Category

Table 6-9 shows the FM 356 percentage of SAC-A coarse aggregate to total coarse aggregate
(Plus No.4 from SAC-A, %) and the blended DFT (DFTaiended) result. The FM 356 blended
aggregate does not meet the SAC-A requirement according to the corresponding criteria. FM 356
mixture may need to be redesigned by selecting different virgin aggregate or RAP to meet the
SAC-A requirement. For example, using SAC-A aggregate to replace Bin No. 2 or using RAP
with a higher DFT value.

Table 6-9. Determine the FM 356 Blended Aggregate SAC Category.

o Meet
Property Result SAC-A Criteria Requirement?
Plus No.4 from SAC-A, % 63.8 50 (Min) Yes
DFTBgiended % 100 (after Micro- 418 43 (Min) No

Deval)

SUMMARY AND CONCLUSIONS

This document describes preliminary criteria and guidelines for using RAP in surface mixes to
enhance skid resistance. The researchers have conducted field evaluations, RAP and raw
aggregate characterization, RAP mixture design, and RAP mixture slab testing. These
investigations focused on the skid resistance and texture of the aggregate, mixture, and pavement
surface. Based on the research results and findings, the researchers determined the potential of
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using RAP to conserve SAC-A resources and evaluated the impact of RAP on mixtures’ skid
resistance. The rationale, description, and application of the criteria and guidelines were
presented in this document. The conclusions and findings are summarized as follows:

RAP may significantly influence the skid resistance of the asphalt mixture, depending on
the RAP percentage and the relative DFT values to the virgin aggregate.

In general, the addition of high skid-resistant RAP increases the mixture slab DFT values,
while low skid-resistant RAP decreases the slab DFT values. It confirms the potential of
using high skid-resistant RAP (e.g., reclaimed from the previous high skid-resistant SAC-
A pavement) to conserve SAC-A virgin aggregate resource.

The aggregate blended DFT provides a good indication of the corresponding mixture slab
(or pavement) surface DFT. For a given gradation, a higher aggregate blended DFT
usually leads to a higher mixture DFT. However, it is not always true when comparing
two mixtures with different gradations. One potential reason is that blended DFT
considers only coarse aggregate, while mixture slab DFT may be impacted by coarse
aggregate and fine aggregate.

The relationship between the aggregate blended DFT and the mixture slab DFT values
were developed based on the test results of 20 mixtures. Further, the blended DFT values
were used to predict SN (50).

The preliminary criteria and guidelines for determining the SAC of virgin aggregate,
RAP aggregate, and blended aggregate were proposed based on the above findings.

The current research covers limited types of material (virgin aggregate, RAP, and
mixture) and only considers the impact of coarse aggregate on the skid resistance. Further
investigation is needed to refine the criteria and guidelines.
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CHAPTER 7 SUMMARY AND RECOMMENDATIONS

Pavement skid resistance is critical for public safety in wet-weather conditions. Crashes on wet
pavements are related to inadequate pavement skid resistance. To improve pavement skid
resistance, the use of SAC-A aggregate has increased significantly to meet pavements' friction
demand. TXxDOT needs to develop specifications, methods, and means to conserve existing
SAC-A resources. TXDOT specifications allow the use of RAP to conserve natural resources and
save costs. The unknown is the contribution of RAP to the skid resistance and friction of the
pavement surface, especially when pavements constructed with SAC-A are reclaimed and used
for production. RAP may potentially help reduce the need for SAC-A aggregates. Intuitively
RAP must have some contribution to friction, but this contribution has not been evaluated and
quantified.

This report mainly focuses on the skid resistance and texture of aggregates, mixtures, and
pavement surfaces. The investigations include field evaluations, RAP and raw aggregate
characterization, RAP mixture design, and RAP mixture slab testing. Based on the work
presented in the previous chapters, the conclusions and recommendations are provided in the
following sections.

SUMMARY
The summary and conclusion are listed in the following:

e According to the extensive literature review, various states have their guidelines for RAP
usage and the percentage allowed to be used in the surface mixes, along with the
aggregate gradation policy. Numerous studies have concluded that the friction and
durability performance of asphalt surface courses with 10 to 25 percent RAP performed
well under low traffic. However, no research was currently found to investigate the skid
resistance (or texture) of RAP aggregate itself or categorize RAP aggregates (e.g., SAC-
A or SAC-B). The potential positive impact of high skid-resistant RAP on surface
mixtures was unknown or not quantitatively studied.

e Three test sections were identified: (1) FM 356 in the Lufkin District, (2) IH 20 in the
Atlanta District, and (3) IH 10 in the El Paso District. The test sections were reported to
have low field skids, although the surface mixtures belong to SAC-A materials. Three
types of tests were performed on the test sections: (1) the CTM laser test for macro-MPD
determination, (2) the ARTS laser test for micro- and macro-MPD determination, and
(3) the DFT test for friction number determination. The findings are summarized as
follows:

o The pavement shoulder DFT values (at 60 km/h and 20 km/h) are larger than the
wheel path DFT values. The difference is statistically significant. These findings
confirm that the traffic polish makes the pavement surface smoother and less skid-
resistant.

o The pavement shoulder micro-MPD values are larger than the wheel path DFT
values. The difference is statistically significant. These findings confirm that the
aggregate surface microtexture gets polished by the traffic and contributes to the
lower skid resistance of the main-lane wheel path.
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o The pavement shoulder macro-MPD values are not statistically different from the

main-lane wheel-path macro-MPD values. This result implies traffic polish does not
significantly change the macrotexture in these sections. This lack of change is
reasonable since the macrotexture mainly depends on the arrangement of the
aggregates (both coarse and fine), and this arrangement will not change much if no
significant distress (such as bleeding, cracking, stripping, etc.) appears on the
pavement surface.

The CTM macro-MPD values have a good relationship with the ARTS macro-MPD
values. Their value difference for each station is usually less than 10 percent. Since
ARTS is equipped with a line laser and provides a 3D profile rather than a CTM 2D
profile, the ARTS macro-MPD might be more representative to describe the surface
macrotexture. In addition, ARTS can determine the micro-MPDs based on the same
3D profile. Due to these features, ARTS is considered a very convenient tool for
pavement texture analysis.

The DFT ranking (from high to low values) among the three sections is IH 20 >

FM 356 > IH 10. The field DFT ranking is consistent with the ranking of lab DFT
tests on mixture slabs. Neither the micro-MPD ranking nor the macro-MPD ranking
is consistent with the DFT ranking of the field pavements or lab-molded mixture
slabs. It is widely agreed that pavement macrotexture and microtexture are the
primary contributors to pavement friction performance. However, there is no unique
relationship between texture and friction; though strong and statistically significant,
the relationship is different for each pavement surface type. Thus far, no consistent
relationships have been developed for pavement texture and friction.

A series of aggregate testing and mixture tests were performed, such as the ignition test,
sieve analysis test, Micro-Deval test, DFT and ARTS tests on aggregate rings, three-
wheel polishing test on mixture slabs, DFT test, and laser texturing tests (ARTS and
CTM) at certain polished cycles on mixture slabs, etc. The materials included FM 356,
IH 20, and IH 10 mixture raw aggregates and RAP aggregates. In addition, some
mixtures were redesigned by adding/removing RAP to evaluate if RAP is the cause of the
low skid resistance. By assembling all the lab test and field test information, the
conclusions and findings are summarized as follows:

o

o

The aggregate sieve analysis results confirm that the raw aggregates for each mixture
were correctly collected, and the gradations agree with the original design.

The aggregate ring DFT results show that some RAP has higher DFT values than
limestone (SAC-B) aggregate. For example, the RAP milled from SH 37 has a similar
DFT value to other SAC-A aggregates, such as sandstone.

Both DFT and ARTS micro-MPD on the aggregate ring test results clearly show that
the BMD values are significantly larger than the AMD values. These results are
reasonable since the Micro-Deval test removes some texture on the aggregate surface;
accordingly, the skid resistance drops.

The DFT values on the mixture slabs first increased, and the maximum DFT values
occurred at approximately 500-2,000 polish cycles. This increase was due to
removing the excess binder from the surface and exposing the aggregate. After
reaching the peak point, the DFT values decreased as the polish cycle increased. The
DFT values reached a relatively stable number at around 100,000 cycles.
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o The ranking of the DFT number on the mixture slabs is IH 20 > FM 356 > IH 10,
which is consistent with the DFT results on the field pavements. Neither the macro-
MPD nor micro-MPD rankings were consistent with the DFT ranking. This difference
in rankings confirms the field observation findings.

o The redesigned mixtures indicate that some RAP (e.g., SH 37 RAP) can significantly
improve the DFT value of asphalt mixtures. For example, the DFT ranking among
IH 20 mixtures was IH 20_30% RAP (SH 37) > IH 20_15% RAP (SH37) >1H 20 0
RAP (original IH 20 mixture); the DFT ranking among IH 10 mixtures was IH_15%
RAP (SH 37) > 1H 10_20% RAP (original IH 10 mixture) > IH 10_0 RAP.

o A blended DFT calculation method was applied in this research to estimate the skid
resistance of the final combined aggregate. The result shows that the FM 356 mixture
had significantly higher blended DFT numbers than the other two mixtures. The
blended DFT numbers ranking from high to low were FM 356 > IH 10 > IH 20 based
on BMD and FM 356 > IH 20 > IH 10 based on AMD. However, neither rankings
were consistent with the lab-molded mixture slab DFT test or the field DFT test
results. The DFT ranking of the mixture slab and field pavement surface was IH 20 >
FM 356 > IH 10. This ranking implies that not only the coarse aggregate DFT but
also other factors such as fine aggregate, gradation, etc., may influence the mixture’s
DFT values.

o The redesigned (adjusting RAP percentage) mixture blended DFT results show that
the blended DFT ranking was consistent with the mixture slab DFT ranking using the
measured RAP aggregate DFT values. However, if using a constant DFT number for
all RAP (e.g., 0.3), the blended DFT ranking was not consistent with the mixture slab
DFT ranking. This indicates that assuming a constant DFT value for all RAP may
lead to unreasonable estimations on the skid resistance of mixtures.

o For redesigned mixtures (e.g., IH 20 redesigned mixtures), although the blended DFT
ranking (using the measured aggregate DFT) shows consistency with the mixture slab
DFT ranking, the increase of blended DFT values seems much smaller than the
increase of mixture slab DFT values when incorporating good RAP (e.g., SH 37
RAP). One reason might be that the benefit of good RAP was underestimated if only
accounting for coarse aggregate (retaining on the No. 4 or No. 8 sieve). For example,
more than 50 percent of the SH 37 RAP aggregate component is the fine aggregate
(76 percent passing No. 4 sieve and 56 percent passing No. 8 sieve), which might also
increase the mixture slab DFT values but was ignored in the blended DFT calculation.

Twenty asphalt mixtures were designed and investigated to study the impact of RAP

(different types and percentages) on the mixtures’ skid resistance. The following factors

were considered in these mixtures: (a) two RAP types: SAC-A RAP (milled from SH 37)

and SAC-B RAP (laboratory-produced with the same gradation as SH 37 RAP); (b) three

RAP amounts: 0 percent, 15 percent and 30 percent; and (c) four surface mix types:

Superpave C (redesigned FM 356 mixtures), Superpave C (redesigned IH 20 mixtures),

dense-graded Type D (redesigned IH 10 mixtures), and SP D mixtures. For each mixture,

at least two slabs were fabricated. Each slab was polished by a three-wheel polish
machine and eventually went through 115,000 cycles. The researchers stopped the
polishing at 500, 1,500, 3,000, 6,000, 10,000, 15,000, 25,000, 40,000, 60,000, 85,000 and

115,000 cycles to conduct the DFT, CTM (for macrotexture determination), and ARTS

tests (for macrotexture and microtexture determination). The changing of the texture
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(micro- and macro-MPD) and the DFT friction number during polishing were then
investigated. By assembling the slab test results, raw aggregate information, aggregate
blended DFT values, and RAP aggregate test results, the conclusions and findings are
summarized as follows:

o In general, the addition of SAC-A RAP increases the mixture slab DFT values, while
SAC-B RAP decreases the slab DFT values.

o According to the slab DFT test result of the 20 mixtures, the dominant ranking is
30 percent SAC-A RAP > 15 percent SAC-A RAP >0 RAP > 15 percent SAC-B
RAP > 30 percent SAC-B RAP for each surface mix type. Neither macro-MPD nor
micro-MPD has a consistent DFT ranking among the mixtures with different RAP
percentages.

o The blended DFT ranking was consistent with the mixture slab DFT ranking using
the measured RAP aggregate DFT values. This ranking confirms the previous
conclusion that assuming a constant DFT value (e.g., 0.3) for all RAP may lead to
unreasonable estimations on the skid resistance of the mixture.

o The AMD blended DFT (determined based on AMD aggregate DFT values) has a
stronger relationship with mixture slab DFT than BMD blended DFT. Thus, the RAP
aggregate AMD DFT is suggested to develop the SAC rating for RAP materials.

In general, RAP may significantly influence the skid resistance of the asphalt mixture, depending
on the RAP percentage and the relative DFT values to the virgin aggregate. The addition of high
skid-resistant RAP increases the mixture slab DFT values, while low skid-resistant RAP
decreases the slab DFT values. These results confirm the potential of using high skid-resistant
RAP (e.g., reclaimed from the previous high skid-resistant SAC-A pavement) to conserve
SAC-A virgin aggregate resources.

RECOMMENDATIONS

The blended DFT provides a good indication of the corresponding mixture slab (or pavement)
surface DFT. A higher aggregate blended DFT usually leads to a higher mixture DFT for a given
gradation or mixture type. Therefore, the aggregate blended DFT values and mixture slab DFT
values were combined and analyzed to develop guidelines for using RAP in surface mixes. The
findings and recommendations are summarized as follows:

e The measured RAP aggregate AMD DFT is suggested to be employed to develop RAP
material SAC rating. The blended aggregate AMD DFT is suggested to be used to
develop the criteria for mixture SAC rating.

e The relationship between the aggregate blended DFT and the mixture slab DFT values
were developed based on the test results of 20 mixtures. Further, the blended DFT values
were used to predict SN (50).

e Based on the above relationships, the minimum required DFT values for RAP aggregate
and blended aggregate was determined and recommended. Accordingly, the preliminary
criteria and guidelines for determining RAP and blended aggregate SAC were proposed.
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e The proposed criteria and guidelines provide a quantitative way to evaluate and compare
the aggregate and mixture skid resistance.

e The current research covers limited types of material (virgin aggregate, RAP, and

mixture) and only considers the impact of coarse aggregate on the skid resistance. Further
investigation is needed to refine the criteria and guidelines.
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