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CHAPTER 1: INTRODUCTION

1.1 PROBLEM STATEMENT

Dust collection systems on hot mix asphalt (HMA) facilities originated from a

need to protect equipment from dust particles created during HMA production.

However, once the Environmental Protection Agency set forth stringent emission

standards on HMA facilities, dust collection systems became mandatory. Baghouses

emerged as a popular form of dust collection system because they efficiently captured

the dust particles created during HMA production. Dust particles captured by

baghouses (baghouse fines) are reusable and are typically reintroduced back into the

HMA production process.

The South Carolina Department ofTransportation (SCDOT) is concerned about

this reintroduction ofbaghouse fines because of the uncertainty that exists about the

effects baghouse fines have on HMA mixtures. Baghouse fines are dependant on the

source ofparent aggregate. Research has shown that some baghouse fines stiffen

asphalt binders, possibly leading to HMA pavements that are susceptible to thermal

cracking problems. Baghouse fines that are smaller than the asphalt film coating

aggregates within HMA can extend the volume of the asphalt binder. Because ofthis

extending, HMA mixtures that contain baghouse fines can be susceptible to small
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variations in asphalt binder content. Research has also shown that baghouse fines can

affect the compactibility and moisture sensitivity oHIMA mixtures. Therefore, a study

was needed to evaluate how baghouse fines produced at South Carolina HMA

producing facilities affect HMA mixtures.

1.2 OBJECTIVE OF STUDY

The research described in this report was conducted to establish criteria for the

reintroduction ofbaghouse fines into HMA mixtures in South Carolina. This was

accomplished by evaluating the variability in baghouse fines' physical properties,

evaluating the effects ofbaghouse fines on baghouse fines/asphalt binder mortars, and

evaluating the effects ofbaghouse fines on HMA mixtures.

1.3 SCOPE OF STUDY

This project involved obtaining samples ofbaghouse fines from HMA facilities

in South Carolina. These baghouse fines were then tested to determine physical

properties. Next, baghouse fines from ten HMA facilities were combined to produce ten

combined samples for a detailed laboratory study ofbaghouse fine/asphalt binder

mortars. Five of the ten combined baghouse fine samples were then selected to

combine with the two asphalt binders and one aggregate for the evaluation ofbaghouse

fines within HMA mixtures.

1.4 FORMAT OF REPORT

This report consists ofchapters describing the research project, test results, data

analysis, conclusions, and recommendations. Chapter 2 of this report provides a
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literature review based on previous research perfonned on baghouse fines and the

results of a survey conducted for the project. Chapter 3 presents the plan of study

followed to accomplish the objectives of the study. This chapter also includes

discussion of the different test methods utilized. Chapter 4 discusses the different

materials and tests utilized during the study. Chapter 5 presents the results of laboratory

testing and Chapter 6 discusses the analyses perfonned on these results. Chapter 7

describes the conclusions and recommendations developed from the analyses perfonned

on the laboratory results.





CHAPTER2: BACKGROUND

2.1 LITERATURE REVIEW

2.1.1 Dust Collection Systems

During the 1960's when there became a desire for higher HMA production rates,

HMA facilities began installing exhaust fans in the place of steam ejector jets. This new

technology brought about a new problem in that dust was being sucked out of the drum

and was damaging the fan blades of the exhaust fan. Not only were the fan blades being

damaged, but the plants were losing useful and expensive fine materials. The remedy

was to install dust collection systems.

In 1970 Congress passed the Clean Air Act, from which the Environmental

Protection Agency (EPA) was formed. In 1973, the EPA issued strict regulations to

control the particulate emissions produced by the exhaust systems ofHMA plants.

Because of these strict regulations, all HMA facilities were required to have a dust

collection system.

Several types of dust collectors are used in the United States: cyclones, knockout

boxes, baghouses, and wet scrubbers are a few. Dust collection systems can be either

one or two or more dust collectors used in conjunction with each other. Studies have

shown that the most efficient way to capture the dust particles is with the use ofprimary
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and secondary collectors. The larger sized particles are captured in the primary

collector and the smaller sized particles are then collected in secondary collectors.

2.1.1.1 Primary Collectors

Two general types of primary collectors are used in HMA facilities: the

knockout box and the cyclone (1). Knockout boxes (Figure 2.1) are expansion

chambers where the cross-sectional area increases, thereby reducing the velocity of the

exhaust gases. With the reduced velocity, the larger particles fall out of the air stream

and accumulate at the bottom of the collector. Knockout boxes can be used to remove

particles larger than about 40 microns (40J.lm) (2).

Optional
Sheet Metal

Dirty
Exhaust Gas----..

_
i- D:::.i::.:sc:h.::a~rgeto Particulate

Collector

Figure 2.1: Knockout Box (2)
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Cyclone collectors (Figure 2.2) act on three basic rules ofphysics: 1) anything

in motion will continue to move at the same speed and in a straight line unless forced to

change; 2) the heavier the object and/or the more drastic the change in motion, the

greater the force required to keep the particle airborne; and 3) anything that is moving

around a circular path of a given diameter and is forced to move around a smaller

circular path will speed up in proportion to the size ofthe circular path (2). Once the

gas stream enters the cyclone the gases continue turning as they are forced downward.

Being heavier than the exhaust gases, the dust particles move to the outside wall of the

collector and settle downward. The exhaust gas is then pulled up through the top of the

cyclone by the exhaust fan and the dust particles pass through the bottom. The heavier

the particle, the easier it is to remove from the exhaust gas. Individual cyclones can be

used or they may be used in multicone configurations. Single cyclone collectors can be

used to remove dust particles down to 30 /lm (2).

2.1.1.2 Secondary Collectors

Typically two different types of secondary dust collectors are used in the United

States today: baghouses and wet collectors. Both types ofcollectors are very efficient

at collecting particles sizes down to 10 /lm (2). Wet collectors are generally used as

secondary collectors, but can also be used as the only collector. They can typically be

classified by one of two methods of dust capture: particle wetting or particle

impingement (2). The latter method is not common to HMA facilities (2) and therefore

will not be discussed. The particle wetting method employs four principles in capturing



Clean Gas

\tl

7

the airborne dust including: impaction, interception, diffusion, and electrostatic

attraction (2). The efficiency of this system depends on the ability ofthe wet scrubber

to generate droplets fine enough to capture the fine particles, and the ability of the

scrubber to remove the droplets from the gas stream. These types of wet collectors are

generally efficient at capturing particles to a size of 5J.lm (2).

Col/ector
Center~ .~ Inlet
Outlet~.,-.=.-/;;...-+-_-+,r---..,It::;......!--_
Tube C I .. Dirty

C-, • Gas..

Figure 2.2: Cyclone Dust Collector (2)

The idea for baghouse dust collection systems is simple. Dust laden exhaust

gases enter the baghouse from the drying unit or primary collector and are drawn

through a series of fabric filter bags (Figure 2.3). Fibers within the filter bags capture

the dust particles on the outside, or "dirty side", of the bag and allow the clean air to

pass through the inside, or "clean side". As the dust particles build up on the dirty side

of the filter bag, they form dust cakes. The presence of these dust cakes is essential to
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the proper functioning of the baghouse (2). As the dust cakes build up on the filter bag,

the filtering efficiency of the filter bag increases as finer and finer dust particles can be

trapped. Eventually though, the dust cakes will have trapped so many fine dust particles

that the flow of air across the filter bag is almost completely stopped. Therefore, the

filter bags must be cleaned. The maximum thickness of the dust cake is determined by

the frequency of cleaning the filter bag goes through. If the cake is not allowed to build

up enough, fine dust particles can pass through the filter bag and leave with the gases

through the stack.

Figure 2.3: Principle of Baghouse Collector (2)
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The frequency of the cleaning cycle will vary depending on the amount and

shape of the dust particles entering the baghouse. Typically, the filter bags are cleaned

in groups (called compartments). The cleaning method can be either by reverse air or

by pulse jet. Reverse air consists of sending a jet of air into the bag through the clean

side of the filter bag, which causes the dust particles on the dirty side to fall off into the

hopper at the bottom ofthe baghouse. For the pulse jet method, a shockwave is sent

through the bag causing the dust particles to fall into the hopper at the bottom ofthe

baghouse.

In a reverse air cleaning baghouse, the cleaning cycle generally takes a few

seconds, during which time the filter bags are not collecting dust. This is called "off

stream." In a pulse jet baghouse, a shockwave of very short duration does the cleaning,

hence there is very little off-stream time. The net result of these cleaning cycles is that

one compartment of the baghouse is always off-stream. This means that at any given

time the baghouse will have some filter bags that have just been cleaned, some that are

being cleaned, and some that are about to be cleaned. This process allows the baghouse

to maintain a constant degree of efficiency.

A large area of filter fabric is needed to adequately clean the large amount of

exhaust gases entering the baghouse from the cuying process. The most popular filter

bag shape is a cylinder, open on one end and closed on the other. This shape of filter

bag allows the largest cloth surface area in a closed compartment and is therefore the

most efficient (2). Within the baghouse, the cylinder filter bags are typically
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mounted or fitted over a metal cage to prevent the bags from collapsing during the

filtering process.

Nearly all particles coarser than 10Jlm can be trapped in a well-maintained

baghouse (2). The collection efficiency of a baghouse for particles between 10Jlm and

IJlm in diameter decreases to between 75 and 99 percent (3). The efficiency depends on

the particle size, size distribution, the exhaust air-to-cloth ratio, and the weave and

thickness of the filter fabric.

Important keys to the effectiveness of a baghouse are the type of fabric used for

the filter bag, the ratio of the volume of exhaust gases to the exposed area of the filter

fabric, and the condition of the filter bags. The filter bags must be able to withstand

several abusive factors: high temperatures, high humidity, and abrasive dust particles.

Temperatures within a baghouse can reach 350°C, so the filter bags must be heat

resistant. The exhaust gases entering the baghouse may contain more than 50 percent

water vapor and therefore must not degrade. The abrasive properties of the dust

particles can have a major impact on the longevity of the filter bags. Dust particles that

have sharp edges or particles that are difficult to remove from the filter cloth require

more frequent cleaning. Repeated flexing of the cloth during the cleaning cycle can

affect the useful life of the filter fabric of the bag.

Baghouses are dry collectors, therefore offer several advantages over wet

collectors. As new and stricter EPA regulations are being enforced, concerns are

growing about the waste water and waste soil disposal accompanying the use of wet
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collectors. An advantage the baghouse has over many wet scrubbers is its lower ener~

requirement. The development and improvement of the fabrics used for filter bags has

made the baghouse the most popular dust collection system. Also, the requirement for

higher efficiencies and the conservation of energy and space has resulted in the

increased use of baghouses.

2.1.2 Handling of Baghollse Fines

HMA facilities can have either an open or closed dust collection system. In an

open system, the plant wastes all or part ofthe collected fines. Wasted fines can be

stored onsite for future use, returned to the quarry, sold, and/or sent to a settling pond.

The first two options would be strictly regulated by environmental agencies. Installing

a settling pond would result in the same types of difficulties and costs associated with

wet collection systems.

In a closed system, all of the fines are reintroduced into the mixing process. The

method ofhandling the fines is extremely important, because it affects the uniformity of

the fines entering the mixing process and may result in a mixture that is dry, stiff,

susceptible to asphalt binder fluctuations, or difficult to compact. Processes for

reintroducing the dust back into the mix are quite different for batch and drum plants.

2.1.2.1 Batch Plants

In a batch plant, the baghouse fines can be returned to the HMA production

process in the hot elevator, a hot bin, or the weigh box. The term "No. 1 hot bin" is

generally used to indicate the hot bin in which finer particles are located. The simplest
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method is to return them to the hot elevator, but the best location is probably the weigh

box. Baghouse fines can be fed to the hot elevator through a duct by gravity or by a

screw conveyor from the collector to the hot elevator. An alternative method would be

to use a small surge bin on or near the hot elevator. The surge bin could be fed by

gravity, a screw conveyor, or pneumatically. The fines are then removed from the surge

bin by a rotary air lock and fed to the hot elevator by gravity or a screw conveyor (4).

Baghouse fines can be returned to the No. 1 hot bin by blowing them

pneumatically into the bin. The dust would have to exit the baghouse through a rotary

air lock to prevent "false air" from entering the baghouse. The fines would then be

blown directly to the No.1 hot bin (4). This method can be detrimental because dust

slides can occur along the walls of the bin and cause a surge of fines into the weigh box.

Dust added back via the weigh box should be routed through a storage silo to

prevent dust surges. This can be done by one of three methods. First, the dust can be

added as a separate material and added to the batch ticket. Alternatively, the dust may

also be weighed on a separate scale before being added to the weigh box. The final

option would be to add the baghouse fines along with the material from the No. 1 hot

bin. This can be accomplished by having a screw conveyor running from the storage

silo to the weigh box. The conveyor would add the dust in proportion to the weight of

the material in the No.1 hot bin (4).
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2.1.2.2 Drum Mix Plant

In a drum mix plant, the baghouse fines have to be added back to the cold feed

conveyor or back into the drum. The best method of introduction is back into the drum.

When returning the fines to the drum, a method that returns them in a controlled manner

should be employed. Several methods can be utilized. They can be added back at the

drum entrance, the drum discharge, or the point where the asphalt is introduced (5). The

introduction of the fines where the asphalt is introduced is felt to be the best location.

This is because the asphalt hinders the reentrainment of the fines into the system gas

and provides a good distribution of the dust in the coating zone of the drum. If the drum

plant has a coating unit, the fines can also be added at this point to ensure an adequate

coating of asphalt binder onto the fines. An important point to be made is that no matter

which method is used for the reintroduction of fines, the fines should be returned in a

uniform manner. (6)

Several systems can be used to return the fines to any point of the mixing

process. Figure 2.4 shows a simple pneumatic device that can be effective. It collects

the dust at a constant rate that varies only with the production rate or changes to the job

mix formula. Being pneumatic it also prevents dust slugs from forming. With this

system, the cleaning of the baghouse and the rotary airlock system are interlocked with

the drum rotation. When the drum stops, the fines recycling also stops (7).

Some states require the addition of a surge bin between the baghouse and the

reintrainment point (Figure 2.5). With this system, dust surges due to the change in the
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rate ofproduction or changing job mix formulas can be diverted. This system uses

screw conveyors to feed the fines to the surge bin. From there, the dust is metered to

the drum by a rotary airlock or auger. When the hopper is full, the excess dust can be

wasted to another storage container or to a truck. (7)

Another method, shown in Figure 2.6, blows the fines from the baghouse to a

storage silo from which the dust can be metered into the drum. Excess dust can be held

in the silo until the silo becomes full. Once the silo is full, a truck or a waste container

can be used to waste the excess dust.

To increase repeatability, weighing the amounts of dust being returned to the

drum may be necessary. This can be done by adding a weigh hopper to the bottom of

the silo (Figure 2.7). The fines can then be weighed before they are added back to the

drum. This method should be satisfactory for normal plant operations, but if closer

tolerances are needed another weigh hopper may be needed (Figure 2.8). Very seldom

will this method be economically feasible.

2.1.3 Variability of Baghollse Fines

Several factors can affect the quantity, properties, and size distribution of fines

collected within a dust collection system. These include the type and characteristics of

the parent aggregate, the type and operating characteristics of the drying unit, and the

configuration of the dust collection system.
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Baghouse

To Drum

Figure 2.4: Fines Return System (7)

Baghouse
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To Truck
(Waste Material)

Figure 2.5: Surge Bin Between Baghouse and Reintrainment Point
(7)
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Figure 2.7: Single Weigh Hopper System (7)
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Research has shown considerable variations in the fineness ofbaghouse fines

from different aggregate sources. These variations have been attributed to the natural

characteristics of the aggregate and the processing methods used by the aggregate

supplier. For instance, the fineness of the dust can be directly influenced by the amount

of fine particles adhered to the coarse aggregate. Degradation of the coarse aggregate

within the drying process can also influence the fineness of the dust. Natural

aggregates may have large amounts of clay particles coating the aggregate (e.g.,

gravels). This can have a large impact on the fineness of the dust. Consequently, plants

with identical equipment and operating conditions but using different aggregates

produce baghouse fines of different quantity, properties, and size distributions.

Brock (8) suggested that the size ofparticles that become airborne during the

drying process varies depending on the velocity of the gases passing through the drum.

Drum gas velocity is the velocity at which the gases move through the drum. It can be

defined as the exhaust gas flow rate divided by the area of the drum (3). Drum gas

velocities that exceed a particle's terminal velocity will cause the particle to be picked

up into the airstream. Terminal velocity is defined as the velocity at which a specific

dust particle becomes airborne and is dependent on the particle's size, density, and

shape. The larger the particle, the higher the velocity that will be required to pick the

particle up into the airstream. Batch plants typically have a drum gas velocity of 800

feet per minute (fpm) while drum plants can have drum gas velocities of 1,000
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fpm or more (8). These drum gas velocities are such that all particles smaller than a

751lm (No. 200 sieve) can become airborne.

The type and configuration of dust collection systems are also important to the

quantity and size-distribution of the fines captured by the baghouse. A primary

collector present before the baghouse can have significant effects on the size of the

particles captured by the baghouse. The more efficient the primary collector, the less

variability in the characteristics of the baghouse fines.

If a HMA plant has only a baghouse as its dust collection system, the range of

particle sizes can range from material as coarse as 700llm down to Illm (8). With no

primary collector to remove the larger size particles, the baghouse has to capture all of

the fines generated by the drying process, and therefore the quantity and size

distribution can be affected by the type and gradation of the aggregate.

Anderson and Tarris (4) showed that there is considerable plant-to-plant

variability in baghouse fines. After randomly sampling 33 plants in 12 states, they

suggested that this variability is related mainly to the efficiency of the primary dust

collection system and the nature of the cold feed aggregate. Also, at a single HMA

plant, the greatest day-to-day and within-day variability in the fineness of the baghouse

fines occurs in the coarse fraction of the dust, 50 to 751lm. They also stated that this

day-to-day and within-day variability in the fineness of the baghouse fines is largely

dependent on the efficiency of the primary dust collector. The more efficient the

primary collector, the less variable the fineness of the baghouse fines.
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2.1.4 Definition of Mineral Fillers

The primary components used to produce HMA mixtures are asphalt binder and

mineral aggregate. Mineral aggregate can be subdivided into three groups: I) coarse

aggregate; 2) fine aggregate: and 3) mineral filler. When added back to the HMA

production process, baghouse fines fall into the category of mineral filler and much of

the research done on mineral fillers can be used to describe the effect baghouse fines

have on hot mix asphalt. (9)

The exact definition or description of suitable mineral filler has not been agreed

upon by researchers. ASTM D242 (10) defines mineral filler as:

"Mineral filler shall consist of finely divided mineral matter such as rock dust,

slag dust, hydrated lime, hydraulic binder, fly ash, loess, or other suitable

mineral matter."

This definition is inadequate because it leaves the acceptability of the mineral filler to

the discretion of the engineer without a provision for testing to determine the suitability

of the filler.

Warden, Hudson, and Howell (11), describe a suitable filler as one that is non

critical in the completed mix. This means that the variations in the filler content over a

normal plant operating period do not cause detrimental effects in the final pavement.

They suggest that suitable fillers have the following characteristics in the completed

pavement:
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1) The pavement surface must be durable over a wide range of temperatures

and over an extended amount of time,

2) the filler must not decrease the resistance to water or the bond of the

asphalt binder to the aggregate, and

3) The filler must not decrease the durability through loss of flexibility.

In 1962, Tunnicliff(12) suggested that a mineral filler should be defined in

terms ofwhat is being filled, what does the filling, and why the filling is being done.

He offers two definitions that satisfy these criterion ofmineral filler: "filler is that

portion ofthe mineral aggregate generally passing the 0.075 rom (No. 200) sieve which

occupies void space between the coarser aggregate particles in order to reduce the size

ofthese voids and increase the density and stability of the mass" and "filler is the

mineral matter which is in colloidal suspension in the asphalt binder and which results

in an asphalt binder with a stiffer consistency." This second definition has been the

subject ofmany research studies and will be discussed in detail in this review.

Tunnicliff (13) followed in 1967 by saying that for mixture design practices,

filler is that portion of the aggregate that will pass through a 0.075 rom sieve, which will

perform satisfactorily in the presence ofwater, and which has been found by experience

to produce successful pavements.

Based on the definition ofmineral filler in ASTM D242, baghouse fines can be

classified as mineral filler. However, based on the other definitions provided, baghouse

fines should not decrease the resistance ofa HMA pavement to moisture and must not
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decrease the durability of a HMA pavement through the loss of flexibility (i.e., stiffen

the mixture). In addition, HMA mixtures containing baghouse fines should be durable

over a wide range of temperatures and over an extended amount of time.

2.1.5 Effect of Baghouse Fines on Mortars

The mixture of asphalt binder and mineral filler particles comprise a mortar that

binds the larger particles ofmineral aggregate. The stiffening effect that Tunnicliff

spoke about relates to this mortar, and has been called the key to the performance of a

pavement (9). Traxler (14) has shown that the stiffening effect cannot be reliably

predicted from the mineral filler's physical properties alone. He considered particle

size, grain-size distribution, and shape as the fundamental physical properties in that

they affect the void content and average void size of the compacted filler.

Several researchers have shown that there exists a stiffening effect when fines

are added to asphalt binder. In a study conducted by Warden, Hudson, and Howell (11)

on several commercial fillers, they showed that as filler/asphalt binder ratios increased,

the penetration values at 77° F with a 1DO-gram mass for 20 seconds decreased, the

softening point temperature increased, and the ductility at 77° F at five centimeters per

minute (em/min) decreased for the mortar. All three of these tests show that the

addition of fillers stiffens the asphalt, forming a mortar that closely resembles a higher

consistency grade of asphalt binder (9).

puzinauskas (15) again proved that changes occur with the addition of filler to

asphalt binder. He also used commercial fillers (limestone dust, kaolin clay, fuller's
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earth, and short-fiber asbestos). Puzinauskas showed that the physical properties of the

asphalt binder (ductility, penetration, and viscosity) similarly changed with the addition

ofmineral filler. These changes even occurred at filler/asphalt binder ratios lower than

is commonly used in paving mixtures.

In another study performed on baghouse fines by Anderson (16), it was apparent

that different types ofbaghouse fines stiffen asphalt binders differently. Figure 2.9

shows four ofthe ten baghouse fines he studied at different concentrations of fines to
(

asphalt binder (F/A ratio) plotted versus viscosity measurements at 1400 F. Anderson

used the same asphalt binder to fabricate each of these mortars. This figure clearly

shows that each of the four fines reacts differently with the same asphalt binder.

F/A Ratio vs. Viscosity (140°F)
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Figure 2.9: Fines to Asphalt Binder Ratio (F/A) by Volume versus
Viscosity at 140°F (16)
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A typical method presented in the literature for determining the stiffening effect

of fines was to measure the viscosities of a neat asphalt binder and for the same asphalt

binder with the fines added to it (mortar). By dividing the viscosity of the mortar by the

viscosity of the neat asphalt binder, a stiffening ratio is obtained (16). This stiffening

ratio can be used to correlate the stiffening effect of fines with a number of tests or

particle properties. An important point to be made is that the stiffening ratio increases

with an increase in dust content. Several researchers have shown that as the F/A ratio

increases, the stiffening ratio also increases. Referring back to Figure 2.9, it can be seen

that as the F/A ratio increases, the viscosity of the mortar also increases. Therefore, as

the viscosity of the mortar increases, the stiffening ratio also increases.

Another method ofmeasuring the stiffness of a mortar presented in the literature

was with the softening point test. The purpose of this test is to determine the

temperature at which a physical change occurs in the mortar. The property used to

determine stiffness was actually the change in softening point temperatures which was

calculated by subtracting the softening point temperature of the neat asphalt binder from

the softening point temperature of the mortar. This test has been suggested as a quality

control test for the stiffening effect of fines, because it has better test repeatability than

the determination of a stiffening ratio (17).

Without giving statistics, it can be seen in Figure 2.10 that a relationship exists

between the change in softening point temperatures and the stiffening ratio for different

mortars. Each data point shown in the figure is the resulting stiffening ratio and change
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in softening point temperature for a particular source of fines which was combined with

the same asphalt binder (17). It should be noted that testing performed on mortars with

a F/A ratio of 0.3 by volume and the viscosity tests were performed at 135°C (275° F).

Softening Point vs. Stiffening Ratio
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Figure 2.10: Change in Softening Point Temperature versus Stiffening Ratio
(17)

Since it has been determined that different fines stiffen asphalt binders

differently, a question that must now be asked is "Does a particular fine have the same

stiffening effect on different asphalt binders?" Huscheck and Angst performed a study

(18) using four different asphalt binders and four different fines. The fines included
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limestone, siliceous limestone, Schist flour, and Bauxit residue. It can be seen from

Figure 2.11 that the stiffening effects of these fines are asphalt specific. For this plot,

three asphalt binders were combined with two of the fines. The x-axis of this plot

shows the combinations between the fines and asphalt binders. AC1-F1 refers to

asphalt binder number one and fine number one, AC2-F1 refers to asphalt binder

number two and fine number one, and so forth. This nomenclature is taken from

Huscheck and Angst's study. Each of these combinations have F/A ratios ofone-to-one

by weight.
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It was shown in Figure 2.10 that the softening point test is a good indicator of

the stiffening effect of fines. From Figure 2.11, it can be seen that for a single fine, the

change in softening point temperatures was different for different asphalt binders. This

suggests that the fines do have different stiffening effects on different asphalt binders.

As yet, a correlation between the physical properties of mineral fillers and the

stiffening effect caused by these fillers has not been found. Research has shown though,

that a test initially described by Rigden (19) and then modified by Anderson (16) can be

correlated to the stiffening effects of filler. The test determines the volume of voids in a

dry-compacted filler. Figure 2.12 illustrates the theory behind Anderson's modified

Rigden's void test. When fillers are dry-compacted to their maximum density, the void

content of the dust is at a minimum. If asphalt binder is then added to the compacted

dust, the portion of asphalt binder needed to fill the voids is called "fixed" asphalt.

Asphalt binder in excess of the fixed amount is called "free" asphalt. Rigden theorized

that if a compacted dust was mixed with less asphalt binder than is required to fill its

voids, a stiff dry mortar would occur. Referring to Figure 2.12, it can be visualized that

as the amount of free asphalt binder decreases, the stiffness of the mortar increases.

Using Anderson's version ofRigden's voids test, several properties of the

compacted dust can be calculated. These properties include bulk volume of the

compacted dust (Vdb) and the volume ofvoids in the compacted dust (Vdv)' For

fine/asphalt binder mixtures, the percent bulk volume (%Vdb) and percent free asphalt

(%Vaf) can be calculated.
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The volume of voids in the compacted dust, percent bulk volume of the

compacted dust, and percent of free asphalt have all been used to correlate the effects a

fine may have on an asphalt binder. For instance, Kandhal's study (17) showed a

relationship between the percent bulk volume of fines in a specific HMA mixture and

the stiffening effect the fines may have on a asphalt binder. He recommended a test

methodology for a specific HMA mixture as:

Parameters to Describe Voids in Dust!Asphalt Mortar

Dust
Solids

Free Asphalt

Fixed Asphalt

Asphalt
Binder

Dust
Solids

Vaf

VI = Total Volume
Va = Volume ofAsphalt Binder
Vds = Volume ofDust Solids
Vdb = Bulk Volume of Compacted Dust
Vaf = Volume ofFree Asphalt Binder
%Vdv = Percent Voids in Compacted Dust
%Vdb = Percent Bulk Volume of the Dust
%Vaf = Percent Free Asphalt %Vaf = 100 -%Vdb

Figure 2.12: Parameters To Describe Voids in a Dust/Asphalt Mortar
(18)
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1) Perfonn the Rigden voids test;

2) Calculate the percent bulk volume;

3) If the percent bulk volume was equal to or less than 50 percent, the HMA

is acceptable;

4) If the percent bulk volume was greater than 50 percent, measure the

softening point (R&B) of the original asphalt binder and the fines/asphalt

binder mortar; and

5) Ifthe actual stiffening was less than 11°C the concentration of fines was

satisfactory, if not the stiffening effect of the fines was too pronounced

and the mixture should be discarded.

Referring to Figure 2.12, it can be seen that percent bulk volume and percent free

asphalt are inversely related. As percent bulk volume goes up, the percent free asphalt

goes down. Kandhal's methodology could have read, "if the percent free asphalt is

equal to or greater than 50 percent, the HMA is acceptable.

Kandhal's selection of 50 percent bulk volume seems sound. Huscheck and

Angst (18) concluded that 60 percent should be the maximum allowable percent bulk

volume based on tensile strength and elongation at failure criteria. Anderson (16)

suggested a maximum allowable percent bulk volume of45 percent. These values

correspond to a stiffening ratio between 10 and 15 (16).

This relationship between the percent bulk volume (or percent free asphalt) and

the stiffening ratio can be used to develop a design chart as shown in Figure 2.13. Bulk
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densities and F/A ratios that plot in the right-hand portion of this chart will give

stiffening ratios that are less than 10, which is acceptable. Bulk densities and F/A ratios

that plot in the shaded portion of the chart (%Vaf< 50 percent) would need either

softening point testing or a detennination of the stiffening ratio to be accepted.
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Figure 2.13: Design Chart Based on Bulk
Density and Percent Free Asphalt

(16)

2.1.6 Effect of Baghouse Fines on HMA Mixtures

HMA pavements consist of mineral aggregates, asphalt binder films, and air

voids. For dense-graded mixtures the volumetric proportions ofthe components are

approximately 79, 17, and 4 percent, respectively (15). The thickness of the asphalt
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film coating the mineral aggregate will depend upon factors such as the gradation of the

mineral aggregate, type mineral aggregate, surface area of the mineral aggregate, asphalt

content, and degree ofHMA compaction. Researchers have yet to agree on actual film

thickness, but it can be assumed to be on the order of 10 to 100 Ilm (15). Anderson et.

al. (20) suggest the film thickness is between 9 and 25 Ilm, depending on the type of

mixture. Thus it seems logical that the portion ofmineral aggregate that is smaller than

the thickness of the asphalt film will become embedded in the asphalt binder. This

would have the affect of increasing (extending) the asphalt binder volume. Conversely,

if the diameter of the particle is greater than the thickness of the film, the particle will

protrude through the film and act more as an aggregate particle. These fines may

increase the voids in mineral aggregate (VMA) which will in turn will increase the

demand for asphalt binder. These concepts are illustrated in Figure 2.14.

The asphalt film is critical to the durability ofHMA mixtures. Without adequate

film thickness, the asphalt binder can be oxidized faster, more easily penetrated by

water, and decrease the tensile strength ofthe mixture (21). This is easily linked to the

percentage ofVMA in the mixture. VMA has two components: the volume of voids

filled with asphalt binder and the volume of air voids remaining after compaction. If the

VMA is too low, sufficient asphalt binder cannot be added to produce a durable mix.

Mixes with low VMA are also sensitive to small changes in the asphalt binder content.

If the VMA is too high, the mixture can have stability problems (21).
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LESS
LIQUID ASPHALT

Figure 2.14: Decreasing and Increasing of Asphalt Binder Demand
(16)

The literature has revealed five concepts for adding fines into mixtures. These

concepts were: 1) replacing asphalt with dust while maintaining a constant volume of

dust plus asphalt; 2) adding fines to the mixture while maintaining a constant asphalt

content; 3) adding baghouse fines while maintaining a constant asphalt content and

primary fines content; 4) interchanging ultra fine dust with coarse dust; and 5)

increasing asphalt binder while maintaining a constant amount of fines.

In a study performed by Anderson, Tarris, and Brock (20), they replaced asphalt

binder with baghouse fines and determined that fines with similar stiffening effects, as

determined by the stiffening ratio, produced HMA mixtures with similar properties.

They summarized that fine dust could apparently reduce the optimum asphalt content
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but at the expense of increased mix sensitivity. The Marshall data they obtained did not

reflect the excessive stiffening of the mixtures that resulted from increased dust content.

These researchers suggested that some upper limit should be placed on the FIA ratio in

the mixture rather than simply on the fine dust percentage (20).

puzinauskas (15) also used this method for the introduction of fines into a

mixture. He studied the compaction characteristics ofsheet asphalt using a mechanical

gyratory compactor. Samples were compacted to a constant volume and the number of

gyrations required to achieve this constant volume were counted. The number of

gyrations was used as an indication of the effort needed for compaction. Based on the

results of this testing, as the FIA ratio increased, so did the compactive effort required to

obtain the desired volume (15).

Testing also indicated that a relationship existed between the binder viscosity (or

stiffness) and compactive effort. As the binder stiffness increased, the compactive

effort required also increased. puzinauskas concluded that a substantial increase in

temperature may be needed when compacting paving mixtures with high viscosity

mortars.

Increasing the dust content with a constant asphalt content can represent a

typical field problem. For instance, at a drum mix plant the volume ofbaghouse fines

being reintroduced into the drum is not uniform while a constant volume of asphalt is

being added. Throughout the literature, this method of fine introduction was

characterized by FIA ratios.
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When Anderson et. al. (20) increased the fines content in their study, the mixture

showed decreasing air voids and increasing flow, except for the coarsest fines. The

effect was more pronounced for the finer dusts. For each fine, except the coarsest, the

flow values increased as the stiffness of the mortar increased. This can only be

explained if the increased amount of fines lubricates the mix and acts as an extender to

the asphalt binder (20). High flow values typically indicate a plastic mix that will

experience permanent deformation under traffic. They also concluded that the increase

in flow was not related to the stiffening effect of the fines. Also, Marshall stability was

not significantly affected by the amount or type of fines, which confirms the

insensitivity ofthe stability measurements to the stiffness of the mortar.

Another study performed by increasing the dust content with a constant asphalt

content was performed by Kandhal (17). He studied the effect ofbaghouse fines on

compaction ofHMA mixtures. For this study, he used two methods to evaluate the

resistance to compaction: a) compacting the mixtures with the same compactive effort

but at different temperatures and b) compacting at the same temperature but with

different compactive efforts. For both methods he calculated a compaction factor. The

compaction factor for method (a) was calculated as follows:

Volume o/Specimen @ 220°F Compaction
C=------'----'----::o..----::----'---

Volume o/Specimen @ 280°F Compaction
Eq: 2.1
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The compaction factor for method (b) was calculated as:

c = Volume of Specimen after 10 Blows per side

Volume of Specimen after 50 Blows per side
Eq: 2.2

Kandhal used these compaction factors along with the bulk volume of fines in the

mixture to determine that the resistance to compaction increases as the bulk volume of

fines in mix also increases. The compaction factor based on compaction at the same

temperature but with different compactive efforts illustrated this best. Results obtained

from Kandhal and the aforementioned puzinauskas study support the notion that the

addition of fines to a lIMA mixture affect the compatibility of the mixture.

Besides studying the compactibility of mixtures, Kandhal (17) also looked at the

moisture susceptibility ofmixtures. The Idaho test was used to measure the moisture

susceptibility (this method later became known as the Lottman test). This procedure

consists ofcompacting samples to approximately the same density as the pavement just

after construction (8% voids) and then subjecting the specimens to freeze-thaw cycles.

He used two different FIA ratios for his testing, 0.3 and 0.5 by volume. In order to

quantify the effects ofmoisture on mixture properties, Kandhal used the tensile strength

ratio (TSR). Figure 2.15 illustrates the results ofhis testing.
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Moisture Susceptibility - Idaho Test
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Figure 2.15: Results of Idaho Moisture Susceptibility Tests (17)

TSR is calculated by dividing the tensile strength of a conditioned sample by the

tensile strength of an unconditioned sample. At the time ofKandhal's study, the

accepted minimum value ofTSR was 70 percent. Kandhal suggested that this may be

too high. He suggested a minimum value of 50 percent. Today this value varies from

state to state. It can be seen from Figure 2.15 that at a minimum TSR value of 50

percent three of the ten fines fail at both concentrations ofFIA and one failed at FIA

equal to 0.3 by volume. It should be noted that the three samples which failed were

mixtures which contained baghouse fines from plants which used slag as the aggregate.
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In a study perfonned by Anderson (16), he showed that as the percentage of

fines increased in a mixture, the resilient modulus also increased. The resilient modulus

test is a measure ofmixture stiffness. Figure 2.16 presents the results of testing

. perfonned by Anderson. Resilient modulus testing occurred at 39 of and the percentage

of fines were taken as a percentage of total mineral aggregate in the mixture.

Dust Content vs. Resilient Modulus at 39°F
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Figure 2.16: Dust Content versus Resilient Modulus (16)

Anderson (16) also perfonned tensile strength testing that showed increases in

tensile strength with increasing stiffening ratios of the mortar. However, the failure

strain decreased with increasing stiffening ratios. The trends of these relationships were
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only slight but were consistent with a more brittle behavior of the mixture with

increasing stiffening ratios of the mortar.

The third study approach entails adding fine dust to a mixture with a constant

percentage ofcoarse dust. This represents a typical field problem. The primary

collector fines content is under control, but a wet system collector is replaced by a

baghouse and the collected baghouse fines are added back to the production process.

By increasing the amount of fine dust, there is little effect on Marshall stability, but

there is a significant effect on flow and air voids (20). An increase ofonly one percent

in baghouse fines can cause a mixture to fall out of specifications with respect to air

voids. Therefore, Anderson et. al. (20) summarized that the fine dust can extend asphalt

binder in a mixture. Flow values were also sensitive to increases in the percentage of

the baghouse fines and could be used to monitor the introduction of excess fines at the

plant (20).

The fourth method of introducing fines was to replace part of the primary

collector dust with the finer baghouse fines. Anderson et. al. (20) concluded that flow

and stability were very sensitive to changes in asphalt binder content in mixtures with

high contents of fine dust. An important point they made was that many other

properties of the mixtures are being altered when the fines content is changed. These

properties were not reflected in the Marshall design properties but they may have had an

influence on other types of mixture behavior, such as creep, fatigue, and thermal

cracking.
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The final method of introduction was by increasing asphalt binder while

maintaining a constant amount of fines. puzinauskas (15) used this method to show the

influence of fillers on water sensitivity, he compacted the mixtures at different asphalt

contents and then measured the TSR using the Marshall Immersion-Compression test.

Figure 2.17 illustrates the effects increasing asphalt contents have on TSR. It can be

seen that as the asphalt content increases, so does the TSR. This should be expected.

As the amount of asphalt binder increases, the waterproofing of the mixture also

increases. Interestingly though, the fine illustrated in Figure 2.17 yielded an optimum

asphalt content of9 percent when subjected to Marshall mix design methods. This

corresponds on the figure to a TSR value ofapproximately 56 percent, which,

depending on the criteria, could be construed as failure. It takes an additional two and a

halfpercent of asphalt binder to waterproof the mixture completely. Thus, with the

results ofthis study and Kandhal's study (17) it can be seen that the type and amount of

fines do influence the water sensitivity ofHMA mixtures.

2.2 SURVEY OF STATE DEPARTMENT OF TRANSPORTATION'S

A survey of State Departments ofTransportation (DOT) was conducted to

develop background information on how other states treat baghouse fines. The

questionnaire was sent to the Materials Engineer of each state and the District of

Columbia (total of 51 questionnaires were sent). This survey inquired as to the dust-to

asphalt binder specification of each agency, whether this dust-to-asphalt binder
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specification was by weight or volume, and whether baghouse fines are thought to be

detrimental to an HMA mixture. Results of this survey are presented in Appendix A.

Asphalt Content vs. TSR
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Figure 2.17: Asphalt Binder Content versus Tensile Strength Ratio
(15)

Ofthe 51 questionnaires sent for the survey, 42 states responded. If these 42

responses are considered to be a representative sample of all DOT's, several conclusions

can be assumed, some of which are the following:

1. Half (21 of those responding) of the State DOT's have a dust-to-asphalt

binder specification;
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2. Twenty of the 21 with dust to asphalt ratio specifications use the percent

material finer than 0.075 mm (No. 200 sieve) and percent asphalt binder

(total or effective) with the percentages based on weight to determine the

dust-to-asphalt binder ratio;

2. The other state uses percentages based on volume in their dust-to-asphalt

binder specifications;

3. Of those 20 that use percentages based on weight, three use the percent

of effective asphalt binder to determine the dust-to-asphalt binder ratio;

4. Those that use percentages based on the total asphalt binder content have

dust-to-asphalt binder specification ratios of 0.0 to 1.2, with the majority

being 0.6 to 1.2. This range of 0.6 to 1.2 is also the recommended values

of Superpave.

2.3 Review of Background Information

Dust collection systems originated from a need to protect a HMA facilities'

exhaust system. However, once the EPA set forth the stringent emission standards, dust

collection systems became required. Industry began to tum toward baghouses because

of the reusable resource (dry fines) that they captured. Fines that are captured can be

reintroduced into an HMA production process in a number ofways at both batch and

drum plants. The method in which the fines are reintroduced is ofmajor importance.

Therefore, fines should be reintroduced in a controlled, uniform manner.
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When added to an asphalt binder, baghouse fines combine with the asphalt

binder and can form a mortar which may resemble a stiffer grade of asphalt binder.

Several tests can be used to measure this stiffening effect. Based on the literature the

softening point test seems to be the best indicator. Subtracting the softening point

temperature of the neat asphalt binder from the softening point temperature ofthe

mortar produces the change in softening point temperature. A good correlation has been

shown in the literature between the change in softening point temperature and the

stiffening effects of fines.

Viscosity measurements have also been found to be good indicators of

stiffening. Dividing the viscosity ofthe mortar by the viscosity of the neat asphalt

binder, yields what is called a stiffening ratio. By limiting the stiffening ratio to below

10, the stiffening effect of a fine on an asphalt.binder has been shown to be acceptable.

The literature has also shown that dust particles which are smaller than the

asphalt film coating the aggregate will extend the asphalt binder volume. This was

illustrated by increasing the amount of fine dust in an HMA mixture and measuring

flow and percent air voids. However, the literature did not suggest a critical particle

size in which the particle would act as an extender.

Baghouse fines have also been found to affect the compactibility ofHMA

mixtures. This was proven using both a gyratory compactor and the Marshall hammer.

As the amount of fines increase in a mixture the compactibility of the mix decreases.
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This could necessitate a substantial increase in temperature when compacting HMA in

the field.

Previous research studies have shown that baghouse fines can affect the moisture

susceptibility of an HMA mixture. The addition ofbaghouse fines to an HMA mixture

can produce tensile strength ratios less than 50% even at design asphalt binder contents.



CHAPTER 3: PLAN OF STUDY

The objective of this research was to establish criteria for the reintroduction of

baghouse fines into HMA mixtures. In order to accomplish this objective the study was

divided into five main tasks. These are illustrated on Figure 3.1 in the form of a flow

diagram. The first task was presented as Chapter 2. Tasks 2 through 4 are discussed in

this chapter while task 5 is presented in Chapter 7.

3.1 Field Sampling of Baghouse Fines - Task 2

Field sampling at HMA producing facilities in South Carolina was accomplished

to collect the baghouse fines necessary to perform this research project. These fines

were used in each of the three remaining tasks in this study.

Ninety to ninety-five percent of the HMA facilities in South Carolina use a

granite or granite-gneiss aggregate, therefore sampling was limited to HMA facilities

that use this type of aggregate. Eighteen facilities were selected for sampling and a

representative ofNCAT traveled to each facility to obtain baghouse fine samples.

While at each facility, sampling locations and plant equipment and operations were

documented.

A minimum of 24 samples were taken over a minimum of five production days

at each facility. For plants with only a baghouse as the dust collection system, only a

44
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baghouse fine sample was obtained per sampling interval. For plants with a primary

collector, it was attempted to obtain samples directly from both the primary collector

and baghouse. Ifthe primary collector could not be sampled directly, a combined

sample containing both the primary fines and baghouse fines was obtained.

Task 1

Task 2

Task 3

Task 4

Task 5

Develop Background Information
on Baghouse Fines

Field Program to Obtain
Ba house Fines

Laboratory Testing of
B aghouse Fines

Evaluation of the Effects
of B aghouse Fines

on Mortars

Figure 3.1: Flow Diagram for Overall Research Study
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Each sample consisted of20 to 30 pounds ofbaghouse fines. Documentation of

the times, temperature, production rate, type fuel being burned, and other pertinent

information was obtained for each period of sampling. The sample form utilized during

this phase for each sample obtained is presented in Figure 3.2. Table 3.1 shows a

typical field sampling plan for five production days; however, this plan was not always

followed due to weather and variations in HMA production.

A secondary objective of this task was to determine the rate at which baghouse

fines were being reintroduced into HMA mixtures. This consisted ofdetermining the

weight of baghouse fines leaving the baghouse in a given time period. The weight (in

tons) and time (in hours) were then used to determine the rate ofbaghouse fines

reintroduction in tons per hour (tph).

3.2 Laboratory Testing of Baghonse Fines

Laboratory testing of the baghouse fines obtained during the field sampling

. program consisted of the following tests:

1. Laser diffraction particle size analyses;

2. Mechanical particle size analyses;

3. Modified Rigden's void test;

4. Methylene Blue test; and

5. Specific gravity test.



Aggregate Type: _

Time Sample Being Taken: _
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PLANT DATA TO BE OBTAINED

Contractor: _

Plant Location: _

Mix Type: _

Plant Type: _

Plant Manufacturer: _

Date: _

TEMPERATURES:

Temperature of Material leaving Dryer: _

Dryer exhaust temperature: _

Stack exhaust temperature: _

Moisture Conditions (determine the moisture content and attach the data)

Moisture Content of material on cold feed: _

Moisture Content ofmix being produced: _

Other Information

Rated Capacity of the plant: _

Tons per hour being produced: _

Type fuel being used: _

Describe the dust collection system: _

What is the damper setting on the exhaust fan: 100% 75% 50% Other

What percentage of primary dust is being returned to the plant: _

What percentage ofbaghouse dust is being returned to the plant: _

Figure 3.2: Sampling Form Used During Field Program
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Table 3.1: Typical Plant Sampling Schedule

Time of

I
Day

IDav 1 I 2 I 3 I 4 I 5

Start-up X X

AM X X X

AM X X X X

AM X X X X

PM X X X

PM X X X

PM X X X X

3.2.1 Laser Diffraction Particle Size Analyses

A particle size analysis using an automated particle size analyzer was conducted

on samples obtained during the field program. This was accomplished to study the

variations in particle size for the baghouse fines. No ASTM or AASHTO standardized

procedure was found to perform this test. Therefore, the manufacturer's instructions

were utilized.

The automated particle size analyzer (PSA) is a Coulter LS 200 analyzer, that

uses laser diffraction to determine the particle size distribution. Figure 3.3 shows the

instrument. The PSA measures particles with diameters from 0.37 Jlm to 2000 Jlm.

This corresponds to Standard sieve sizes ofNo. 999 to No. 10, respectively.

Calculations by the PSA assume that the particles are rotating at a high speed in the
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system fluid as they pass through the instrument. Therefore, it calculates the particle

sizes as if the particles are spherical.

Figure 3.3: Coulter LS200 Laser Diffraction Particle Size Analyzer

Output from the PSA consists of a particle size distribution based on percent

volume versus particle diameter. Typical output from the PSA is presented in Figure

3.4. While this is not a "standard" particle size distribution as would be obtained from a

mechanical sieve analysis or hydrometer analysis (based on percent by mass), it was

used because of the large quantity of samples obtained for this research study. Testing

time for a single sample using the PSA is approximately two minutes per test. With

three replicates for each sample tested to improve consistency of results, the PSA was

very time effective.
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The PSA particle size distribution was used to calculate the fineness modulus

and uniformity coefficient for each sample. Both of these properties are normally

calculated from mass based particle size distributions of an aggregate. In addition, the

PSA was used to calculate other properties of the particle size distribution such as: the

mean particle size, D IO, D30, D60, and percent clay (material finer than 2".Im).

Volume 100.0%
Mean: 108.8 um 95% Conf. Limits: 0-401 um
Median: 65.10 um S.D.: 149um
Mode: 116.3 um C.V.: 137%

Specific Surf. Area 5776 cm2/ml Skewness: 4.29 Right skewed
Kurtosis: 28.8 Leptokurtic

%< 10 30 50 60 90
Size um 4.130 24.71 65.10 92.18 256.3

Size ASTM Cum. < Size ASTM Cum. <

um Volume um Volume

% %

0.37 999 0.00 250 60 89.43
0.5 998 0.26 300 50 93.11

1 997 1.88 355 45 95.73
2 996 5.21 425 40 97.55
5 995 11.40 500 35 98.41

10 994 17.29 600 30 98.78
20 635 26.58 710 25 98.94
25 500 30.20 850 20 99.12
32 450 34.59 1.180 16 99.60
38 400 37.92 1,400 14 99.84
45 325 41.42 1,700 12 99.99
53 270 45.03 2,000 10 100.00
63 230 49.18 2,360 8 100.00
75 200 53.84 2,800 7 100.00
90 170 59.26 3,350 6 100.00

106 140 64.48 4,000 5 100.00
125 120 69.84 4,750 4 100.00
150 100 75.60 100.00
180 80 81.03
212 70 85.47

Figure 3.4: Typical Output From Coulter LS200 PSA

The mean particle diameter is defined as the average particle size of the

distribution and is calculated as follows:
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L(xxn)
c c

X = ---;:::0----

Ln
c

x = mean particle diameter, microns

Xc = average particle size for a given size interval, microns

llc- percent material retained within a given size interval, percent

Eq.: 3.1

D IO is defined as the particle diameter through which 10 percent of the material

was passing. Likewise with the D30 and D60• The percent clay (the percent material

finer than 2 Jlm) was also determined.

The uniformity coefficient, Cu ' was calculated as follows:

c = D 60

" D IO

Eq.: 3.2

The coefficient ofuniformity is used to define the range that the particles extend. IfCu

is large, the particle distribution extends over a large range.

The fineness modulus for each sample was calculated based on Anderson's

"Guideline on the Use ofBaghouse Fines" (16). This calculation consisted of summing

the percent coarser than 75, 53, 32, 20, 10, 5, 2, and 1 Jlm and dividing by 100.
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3.2.2 Mechanical Analysis of the Baghollse Fines

To determine if a correlation existed between the Coulter LS200 PSA and the

"standard" mechanical analysis, ten baghouse fine samples were randomly selected for

testing by both mechanical means and the Coulter LS200 PSA. Each of the ten samples

were tested three times to form three replicates. The mechanical analysis consisted of

dry-sieving each sample over a 2.0 rom (No. 10), 0.425 rom (No 40), and 0.075 rom

(No. 200) sieve to determine the percentage passing. In addition, the portion passing

the 0.075 rom sieve was subjected to a particle size analysis using the hydrometer test.

This mechanical analysis of the baghouse fines was performed by the Alabama

Department ofTransportation. The manufacturer's instructions were used for testing

with the Coulter LS200.

3.2.3 Modified Rigden's Void Test

The modified Rigden's void test was also performed on the baghouse fine

samples obtained during the field sampling phase. Testing was accomplished in

accordance with a test standard outlined in Anderson's "Guidelines on the Use of

Baghouse Fines" (16). This test method is a modified form ofRigden's voids test (19)

with the primary difference being the equipment used for testing.

The test procedure entails compacting a small amount of fines in a mold to

determine the percentage of voids in the compacted fines. Figure 3.5 presents a

schematic of the equipment needed to perform this test. Appendix B presents the actual

test standard developed by Anderson.
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The specific gravity of the dust must be known to determine the parameters.

Specific gravities were not determined for each of the samples obtained in the field

program. Five samples from each plant were randomly selected for specific gravity

tests. However, if more than one type of sample was obtained for a plant, five specific

gravity tests were performed for each type of sample. An average specific gravity value

was then used to determine the different parameters.

8 HOLES ON 0.25"
RADIUS, NO. 76 DRILL

100 GRAM rrr~:;~::ll
DROP WEIGHT ,1

FOLLOWER -- - -r
(

FILTER 0.75"
PAPER-- -.

I. DUST L.::j'q""'~ l
, 0.'10"

- --,0.498" D1A.

·-0.125" DIA.

J-
9
L ..

COMPACTION HAMMER SAMPLE HOLDER

Figure 3.5: Equipment for Dry Compaction Test
(16)

Figure 3.6 illustrates the theory for additional properties derived from the

modified Rigden's void test. A mortar is comprised of three components: fines, air, and

asphalt binder. If the fines are compacted to the densest packing state (bulk volume of

the dust), a certain percentage of the fines' bulk volume will be air voids. The volume
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of asphalt binder required to fill these voids is referred to as "fixed" asphalt. Any

asphalt binder in excess of the fixed asphalt is called "free" asphalt. Equations used to

calculate these parameters are also presented on Figure 3.6.

ParaIlEters to Describe Voids in Dust!Asphalt Mortar

Composition Phase Diagram
--------------------

Free Asphalt

Va --------------------
V. FixedAsphalt

~
IAJst

-------------------- Pcutic1es Vdb
IAJst

Viis Solids (Minirrom
Voids)

%Vdv =Vt = Total Volurre
Va = Volurre ofAsphalt Binder
Viis = Volurre ofDust Solids
Vdb = BulkVolurre ofCompacted IAJst
Vof = Volume ofFree Asphalt Binder
%Vdv = PercentVoids in Con:pacted Dust
%Vdb = PercentBulk Volurre ofthe IAJst
%Vof= PercentFree Asphalt %Vof=100 -%Vdb

Figure 3.6: Theory of Modified Rigden's Void Test (18)

3.2.4 Methylene Blue Testing

This test is used to quantify the amount ofhannful clays in a material passing

the 0.075 rom (No. 200) sieve by measuring the surface activity of the material.

Material that has a high surface activity is less moisture susceptible than material with

low surface activity (22). The test method used was the International Slurry Surfacing

Association's Technical Bulletin No. 145 (23) which is presented in Appendix C.
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As will be discussed in Section 3.3, baghouse fine samples were combined for

each often plants to perform mortar and mixture laboratory testing. The Methylene

Blue test was conducted on these ten combined baghouse fines samples.

3.2.5 Specific Gravity Testing

As alluded to in Section 3.2.2, the specific gravity of the different fines is

needed to calculate the percent air voids in a compacted dust (modified Rigden's void

test). Testing was accomplished as outlined in AASHTO T 100-90 "Specific Gravity of

Soils."

3.3 Laboratory Testing ofAsphalt BinderlBaghouse Fine Mortars - Task 3

Based on the information obtained from the particle size analysis and modified

Rigden's void testing, ten plants were selected to have samples combined. Samples

from each of the ten plants plant were combined, resulting in ten baghouse fine

combined samples. The properties used for selection were the mean particle diameter

and the percent air voids in a compacted dust. The samples were combined so that

enough material would be available for testing in this task and the subsequent mixture

evaluation task. Figure 3.7 illustrates the process by which the different combined

samples were combined. These ten combined samples were sequentially numbered

from Fine 1 to Fine 10.

Two different asphalt binders used in South Carolina were selected for this task.

These asphalt binders were a Citgo AC-20 and a Shell AC-20. The Citgo AC-20 was a

Venezuelan crude, while the Shell AC-20 was from Wood River, Illinois. These asphalt
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binders were also numbered: the Citgo AC-20 was designated Asphalt Binder No. 1 and

the Shell AC-20 was designated Asphalt Binder No.2. Using the numbering system

used for the ten baghouse fine combined samples and the two asphalt binders, a

nomenclature was formulated to designate the different mortars tested. This

nomenclature is presented in Table 3.2.

During this task four different baghouse fines/asphalt binder concentration levels

(F/A ratio) were evaluated. These F/A ratios were 0.2, 0.3, 0.4, and 0.5. They were

calculated as the volume ofbaghouse fines divided by the volume of asphalt binder. If

a specific gravity of a particular fine were 2.65, this would result in a F/A ratio (based

on weight) range ofbetween 0.7 and 1.3. This range is above and within the Superpave

requirements of 0.6 to 1.2 (based on weight).

Table 3.2: Nomenclature for Mortar Testing

Asphalt Fine Mortar Asphalt Fine Mortar
Binder Designation Binder Designation

1 1 ACIFI 1 6 ACIF6

2 1 AC2FI 2 6 AC2F6

1 2 ACIF2 1 7 ACIF7

2 2 AC2F2 2 7 AC2F7

1 3 ACIF3 1 8 ACIF8

2 3 AC2F3 2 8 AC2F8

1 4 ACIF4 1 9 ACIF9

2 4 AC2F4 2 9 AC2F9

1 5 ACIF5 1 10 ACIFIO

2 5 AC2F5 2 10 AC2FIO
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The test matrix for this phase consisted of 80 combinations of asphalt binder,

Fines, and F/A ratios (10 fines * 2 asphalt cements * 4 F/A ratios). Testing of these

mortars consisted ofperforming tests on the original mortars before any aging, after

aging by the Thin Film Oven Test (TFOT), and further aging in the Pressure Aging

Vessel (PAV). Tests conducted on the original, unaged mortars included: Viscosity

measurements using the Brookfield Viscometer (BV); Softening Point Test (SP); and

the Dynamic Shear Rheometer (DSR). The DSR was performed on the TFOT aged

mortars. After additional aging of the mortars with the PAV, the DSR and Bending

Beam Rheometer (BBR) tests were performed. The following sections describe both

the aging techniques and tests used to evaluate the mortars, while Figure 3.8 illustrates

the steps followed.

Two statistical designs were utilized for the testing of the mortars. First, testing

of the original, unaged mortars was accomplished on each of the baghouse fine/asphalt

binder combinations. This was assumed as a completely randomized experimental

design. In such a design, the resulting data are viewed as a random sample from a

normal distribution. Because each mortar was prepared and tested identically, this

assumption was correct.
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Sample Preparation for Testing

Select Ten Plants for Fines
to be Combined

Select Samples to be Combined

... -- - - - - - - - - - -

Sieve Approximately 100
pounds

Mixture Testing

Perform Laboratory Tests
on 10 Fines

Sieve Samples Over No.
200 Sieve

Particle Size Analysis
Dry Compaction Test
Specific Gravity
Methylene Blue Test

Binder Testin

10 fines'" 2 AC's '" 4 F/A '"
3 replicates

5 fines'" 2 AC's '" 3 F/A

Premix Asphalt Cement
and Baghouse Fines Premix Asphalt Cement and

Baghouse Fines
Begin Laboratory

Binder Testing
Combine Premixed Asphalt
Cement and Baghouse Fines

with Aggregate

Mix Design Procedure

Perform 150 mm Mixture Design
with Pine Gyratory Compactor

Perform 100 mm Mixture Design
with Pine Gyratory Compactor

Discard Material Passing
No. 200 Sieve and Replace

with Baghouse Fines

Compact Specimens
with Superpave

Gyratory Compactor

Begin Laboratory Mixture Testing

Figure 3.7: Flow Diagram for Sample Preparation
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Laboratory Mortar Testing for Each Com bination of
Fine/A sphalt B inderl Fine-to-A sphalt Ratio

m-;;-;~;:rlMi';;t;~--1B roo k fie 1d Vis cos i ty
at 1 35°C

Brookfield Viscosity
at175°C

Softening Point
(Ring and Ball)

Test

Pressure Aging
Vessel

Aged Mortar

Dynamic Shear
R heom eter

at 22°C

Bending Beam Rheometer
at-18°C

8 m m dia. spindle
2 m m gap setting

Figure 3.8: Flow Diagram for Mortar Evaluation Phase

Testing of the TFOT and PAV aged mortars was based on a one-half fractional

factorial design. This statistical design allowed for the testing ofonly halfof the

baghollse fine/asphalt binder combinations while maintaining statistical integrity. The

process of designing this experiment consisted of"sacrificing" a high order interaction

that was considered insignificant. Based on this statistical design, there were three main
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effects: asphalt binder, baghouse fine combined samples, and FIA ratios. The asphalt

binder had one degree of freedom, the baghouse fine combined samples had nine

degrees of freedom, and the FIA ratios had three degrees of freedom. For this

experiment the high order interaction that was sacrificed included one degree of

freedom from both the FIA ratio and the ten combined baghouse fine samples.

Therefore, two degrees of freedom remained for the FIA ratios and eight remained for

the combined baghouse fine samples. This high order interaction is referred to as a

generator. The generator was then used to divide the experiment into two blocks.

Testing by this design consisted ofperforming all tests associated with one of the two

blocks.

This statistical design was utilized because of the time needed to perform the

TFOT and subsequent PAV aging. The TFOT aging procedure requires 5 hours and the

PAV aging procedure requires 20 hours. For each mortar combination, two TFOT and

two PAV aging procedures were needed to provide enough material for testing.

Therefore three working days were required for each combination. Since 80 different

combinations were tested, this would have resulted in 240 working days (or 48 working

weeks) to perform the required aging procedures. Therefore, because of the statistical

-
integrity of the one-half fractional factorial design, it was determined to utilize this

statistical design.
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3.3.1 Mortar Preparation

There is no standard for blending of asphalt binders and baghouse fines (or

mineral fillers) to produce mortars. To produce mortars of equal uniformity, the

following procedure was used for this project:

1. Determine the specific gravity for both the asphalt binder and baghouse fine

sample.

2. Calculate the mass of asphalt binder needed to give the proper F/A ratio

based on volume for a given mass ofbaghouse fines of 100 grams.

3. Prepare the baghouse fines sample by drying to a constant weight at 110 ± 5

°C.

4. Place one quart ofneat asphalt binder into a 165 ± 5°C oven. The binder

should remain in the oven until it reaches a uniform temperature of 165 ± 5

°C. Occasional stirring may be needed.

5. Weigh 100 grams of dried baghouse fine sample into a 8 ounce sample tin

and place in a 175 ± 5 °C oven. This sample tin and baghouse fine sample

should remain in the oven for a minimum of 30 minutes.

6. After preheating the asphalt binder and baghouse fine sample, remove each

from their respective oven.

7. Place the sample tin containing the baghouse fine sample onto a balance with

a 2 kg. capacity and sensitive to 0.1 gram and tare.
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8. Weigh the appropriate amount of asphalt binder into the sample tin to the

nearest 0.1 gram.

9. Place the sample tin on an electric hot plat set to a temperature of

approximately 165°C and hand-mix with a spatula. Care must be exercised

to prevent loss of the baghouse fine sample during mixing.

10. When the mortar (blended asphalt binder and baghouse fine) visually

appears homogeneous, the mixture is ready for testing.

This procedure was used for each mortar tested during this project.

3.3.2 Aging of Mortars

Asphalt binders age due to two mechanisms: volatilization of light oils present

in the asphalt binders and oxidation by reacting with the oxygen in the environment.

Blending and mixing within the heated environment of a lIMA producing facility and

the subsequent lay-down process ages an asphalt binder due to the heat and air flow

involved with these processes. After laydown, aging continues as oxidation occurs on

the roadway. (24)

The TFOT (AASHTO T 179-93) procedure simulates both of the above aging

mechanisms. This method was selected over the Rolling Thin Film Oven Test

(RTFOT) because preliminary work performed in the laboratory showed that the

mortars had a tendency to "crawl" out of the RTFOT bottles during the test. The

RTFOT method uses a horizontally mounted rack that rotates vertically about its axis.
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Bottles are placed in the rack horizontally. When the mortars were introduced into the

bottles and the rack was rotating, the mortars would crawl out of the bottles.

The TFOT procedure utilizes a horizontal rotating shelfmounted on a vertical

shaft. This rotating shelf is located within the Thin Film Oven. Cylindrical flat-bottom

pans with an inside diameter of 140 mm and a depth of9.5 mm are used to hold the

samples during the test. This horizontal rotating shelf and the flat-bottom pans

eliminated the mortars from crawling.

The procedure for the TFOT consisted ofplacing enough mortar into the

cylindrical pans to create a film thickness of3.2 mm. The pans were then placed on the

rotating shelf in the Thin Film Oven for five hours at 163°C. The rotating shelf rotates

within the oven at a rate of 5.5 revolutions per minute. At the completion of the test, the

mortar was assumed to be in a condition similar to the condition it would be in after the

mixing process and laydown.

In order to obtain the 3.2 mm film thickness in the cylindrical pans, the specific

gravity of the mortar had to be assumed. By knowing the specific gravities of the

asphalt binder and the filler and the F/A ratio, the specific gravity of the mortar could be

assumed. Once this was determined, the mass of the mortar to fill the volume needed

for a 3.2 mm film thickness could be determined.

Enough mortar per combination ofasphalt binder/baghouse fine was aged using

the TFOT procedure for all testing at this aged condition and for the subsequent aging in

the PAV conditioning device.
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The PAV conditioning device (AASHTO PPl) subjects the material to high

pressure and temperature for 20 hours to simulate long-term (5 to 10 years) aging (24).

Because an asphalt binder that is in-service has been through the mixing and lay-down

processes, the PAV procedure was performed on the mortars already aged in the TFOT.

The PAV conditioning device consists of a pressure aging vessel and a forced

draft oven. A sample rack that can hold ten sample pans is placed within the pressure

aging vessel. For this study, 50 grams of mortar was placed in each sample pan. The

sample pans were then placed on the sample rack. The sample rack was placed in the

pressure aging vessel and both were placed in the forced draft oven to preheat to lOO°C.

Once preheated, a pressure of2.1 MPa was applied via a regulated compressed air

bottle. After the pressure was applied, the mortars were allowed to age for 20 hours

before removing. Enough mortar per combination of asphalt binder/baghouse fine was

aged to perform testing at this aged condition.

3.3.3 Brookfield Viscometer (BV)

The BV is a rotational viscometer used to measure an asphalt binder's viscosity

(or resistance to flow). ASTM D 4402 defines the procedures for using the BV. This

viscometer was selected over other viscometers (kinematic and absolute) because

rotational viscometers have larger clearances between components, thus making it more

applicable to mortars (24). Por this project, two test temperatures were utilized: 135°C

(275°P) and 275°C (347°P).
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The rotational viscometer determines viscosity by measuring the torque required

to maintain a constant rotational speed of a cylindrical spindle while submerged in an

asphalt binder sample at a constant temperature (24). This is illustrated in Figure 3.9.

Depending on the particle sizes of the materials in the mortar, different spindles can be

used. For this project a No. 27 spindle was utilized to ensure adequate clearance

between the spindle and the sample chamber.

sample

sample
chamber

torque
~ \I'

spindle

Figure 3.9: Rotational Viscometer Operation (24)

3.3.4 Softening Point Test (SP)

The SP is used to determine the temperature at which an asphalt binder cannot

support the weight of a standard steel ball. This temperature defines the temperature at



66

which a phase change from solid to liquid occurs in the asphalt binder. (21). This test

method is defined in AASHTO T 53-92 and illustrated in Figure 3.10.

The test consisted oftaking two brass rings filled with asphalt binder (or mortar)

and suspending the rings in a beaker filled with water or glycol. A steel ball of standard

dimensions and mass was then placed in the center of each ring, on top of the binder

sample. The steel ball, brass ring, and asphalt binder sample were all placed in the

beaker and heated at a controlled rate of 5 0 C (41 OF) per minute. When the asphalt

binder softens, the steel balls and asphalt binders sink toward the bottom of the beaker.

The temperature is recorded the instant the steel balls and asphalt binder sink one-inch.

(21)

The.momele.

~SI"IBOIi
~'~,.

Figure 3.10: Softening Point Test Apparatus
(21)
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3.3.5 Dynamic Shear Rheometer (DSR)

The DSR is used to characterize the viscous and elastic behavior of asphalt

binders (or mortars). This is accomplished by measuring the complex shear modulus

(G*) and the phase angle (0) of the asphalt binder. The complex shear modulus is a

measure of the total resistance of a material to deformation when it is repeatedly

sheared.

This test procedure is outlined in AASHTO TP5. It consisted ofpouring a

mortar into a rubber mold in the shape of a disk and allowing to cool. The binder disk

was then sandwiched between a fixed plant and an oscillating disk (spindle) on the DSR

apparatus. The thickness of the sandwiched disk was carefully controlled. This was

accomplished by adjusting the gap between the fixed plate and spindle. The thickness

of the gap was dependent on the test temperature. Tests performed at 64°C had a gap of

1 rom while tests at 22°C had a gap of2 rom. Spindle size also depended upon test

temperature, with a 25 rom diameter spindle used at the 64°C test temperature and an 8

rom diameter spindle used at 22°C.

Once the binder disk was properly mounted and loaded for testing, the

temperature of the sample was allowed to equalize. After temperature equilibrium, the

spindle begins oscillating back and forth. This is illustrated in Figure 3.11. The spindle

starts at point A and moves to point B. From point B, the spindle moves back through

point A to point C. This process comprises one cycle. The frequency ofoscillation is

the length in time for one cycle to occur, and one complete cycle is called one hertz
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(Hz). The DSR test was performed at 1.59 Hz. The oscillation process was performed

in a constant strain mode. This means that the spindle rotated through a fixed distance,

regardless of stress.

Time
At-----\------..:~

c

Position of
Oscillating Plate B

Applied Stress
or Strain

0 '11' ~~SCI atlng

Plate Fixed Plate

1 cycle

Figure 3.11: DSR Oscillation (24)

The complex shear modulus and phase angle are dependant on the magnitude of

the shear strain within the specimen. Both decrease with increasing shear strain.

(AASHTO TP5). Testing with the DSR should be performed at small strains where the

modulus is relatively independent of shear strain. This linear region is defined as the

range in strains where the complex shear modulus is 95 percent or more of the zero

strain value (AASHTO TP5). Determination of the linear region is accomplished by

performing a linearity sweep in which G* and 0 are measured at different levels of shear

strain. For each strain level, the value ofG*Cos(o) is calculated and plotted against the
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strain value. For this project a linearity sweep was performed on two samples to

determine if G* and 0 were actually being measured in the linear region. Figures 3.12

and 3.13 present the results of these linearity sweeps. Figure 3.12 presents the sweep

for the original, unaged mortar AC1F2-0.3. This nomenclature references Asphalt

Binder No.1, Fine 2, and a F/A ratio of 0.3. Actual testing for this combination

occurred between 7 and 8 percent strain, which is within the linear range. Figure 3.13

presents the sweep for the original, unaged mortar AC1F5-0.5. Actual testing for this

combination occurred between 6 and 7 percent strain, which is within the linear range.

This testing shows that the DSR can be used to evaluate the stiffness ofmortars.

Strain Sweep with Dynamic Shear Rheometer to Determine
Linearity - ACIF2 - 0.3
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Figure 3.12: Linearity Sweep for ACIF2-0.3
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Strain Sweep with Dynamic Shear Rheometer to Determine
Linearity - ACIF5 - 0.5
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Figure 3.13: Linearity Sweep for ACIF5-0.5

This test method was used for this study to give an indication of the mortar's

elastic and viscous characteristics. Also, because of the two testing temperatures and

different aging conditions, this test will give an indication of the mortars high

temperature and intermediate temperature characteristics. Test results at 64°C were

used for high temperature characteristics and results at 22 °C indicate the mortars

intermediate temperature characteristics.

3.3.6 Bending Beam Rheometer (BBR)

The BBR is another test method adopted by SHRP researchers for the

characterization of asphalt binders. Superpave has also adopted this test in the
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perfonnance graded binder specification. This test method is used to measure the low

temperature properties of an asphalt binder. It measures the stiffness (S) of a simply

supported asphalt binder beam loaded with a constant load of 980±50 mN. Since the

time dependency of asphalt binders vary, the shape ofthe stiffness curve is also

important. The slope ofthis stiffness curve (m) is detennined and shows the rate of

stress relaxation of the beam.

This test procedure is outlined in AASHTO TP1. To perfonn this test, beams

were molded for the neat asphalt binder and mortars. The beams were 6.35±O.05 mm

thick, 12.70±0.05 mm wide, and 127±0.05 mm long. Standard beam molds were

utilized to ensure proper specimen dimensions. Once the beams were molded, they

were allowed to cool to room temperature. Prior to testing, the beams were further

cooled to -5±5oC for 5 to 10 minutes to aid in demolding. Once the beams were

demolded, they were placed in the BBR apparatus fluid bath that had been brought to

the test temperature of -180 C. The beams were then conditioned in the fluid bath at the

test temperature for 60±5 minutes. After conditioning, the beams were tested by

placing a single beam on the testing supports and using a preloading sequence in order

to seat the specimen. Following beam seating, the test load of 980±50mN was applied

and held constant to ±5mN for 240 seconds. The computer recorded the continuous

defonnation of the beam and reports the beam stiffness. A schematic of the equipment

needed to perfonn the BBR test is presented in Figure 3.14.
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The BBR tests asphalt binder beams at low temperatures and therefore indicates

a binder's propensity for thennal cracking. Thennal cracking can occur from one

thennal cycle where a pavement's temperature reaches a criticallow. Cracking caused

by a single thennal cycle is related to the asphalt binder's stiffness at the temperature at

which cracking occurs.

Control and
Data Acquisition

Thermometer

./ Deflection
r-----~!.I~ Transducer

~ Air Bearing, r Load Cell

___ r-L-.........,/ Fluid Bath

Loading
Frame
Supports

Figure 3.14: Bending Beam Rheometer Test Equipment (24)

3.4 Laboratory Testing Program for HMA Mixtures - Task 4

The mixture study was perfonned to evaluate the effects of baghouse fines on

HMA mixtures. A granite-gneiss aggregate obtained from a quarry near Spartanburg,

South Carolina was utilized. Again, the Citgo AC-20 and Shell AC-20 were used for

this task.
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Mixture designs were developed using a SCDOT Type 1B gradation. This is a

dense-graded mixture designed for high traffic volumes. Mix designs were conducted

using a Superpave Gyratory Compactor (SGC). The design number of gyrations (Ndes)

for this project was selected to be 95 gyrations. This corresponds to an initial number of

gyrations (Nini) of 8 and a maximum number of gyrations (Nmax) of 150. The optimum

asphalt content for each of the mixtures was selected as the asphalt content at which the

voids in total mix (VTM) was four percent at Ndes'

Five of the ten fines used in the mortar evaluation phase were selected for this

task (Fines 1,2,4,5, and 9). These fines were selected based on percent air voids in a

compacted dust (modified Rigden's void test) and mean particle diameter. Three

different FIA ratios were evaluated: 0.3,0.4, and 0.5. The test matrix for this phase

consisted of30 different combinations (5 fines * 2 asphalt cements * 3 FIA ratios).

Figure 3.7 illustrated the procedures by which each combination was prepared. Figure

3.15 presents a flow diagram that illustrates the testing accomplished during this phase..

Three separate compactive efforts were utilized. Initially, twelve specimens of

each combination were compacted to 95 gyrations with the SGC. Three of these twelve

specimens were tested using the Indirect Tensile Test (IDT) and three were tested using

the confined repeated load deformation test. Compactibility of each combination was

also determined using the results ofcompaction for each of the twelve specimens.
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The second compactive effort was utilized with the Root-TunnicliffMoisture

Susceptibility Test. Six specimens for each combination were compacted to between 6

and 8 percent voids in total mix (VTM).

The final compactive effort also used 95 gyrations with the SGc. However,

each specimen was subjected to a short-term aging procedure prior to compaction. This

short-term aging procedure was part of the Superpave Long-Term Aging procedure

(AASHTO PP2).

Laboratory Mixture Testing for Each Combination of Fine/Asphalt CementlFine-to Aphalt Ratio

CMixtwe Testing:::>

~

• • •Compact 12 Specimens to Compact 6 Specimens Compact 5 specimens
95 Gyrations With No Aging to 7% Air Voids to 95 Gyrations

I • Using Superpave Long-Tenn

... -l ... Aging Procedures

1Perfonn AASHTO T-2831 +Evaluate Compactibility Randomly Select 3 Randomly Select 3 to Evaluate Moistwe
ofThe Mixtwe Using Briquettes to Evaluate Briquettes to Evaluate Sensitivity Randomly Select 3 Specimens
Results ofGyratory Rutting Susceptibility Tensile Properties • For Indirect Tension Testing

Compaction of the Mixture of the Mixture ...• t + Randomly Select 3
Specimens to be Evaluate Durability byI Each Briquette I Perfonn Confined Perfonn Indirect Tension Conditioned as per Comparing Tensile Strengtb

Fabricated Repeated Load Test Test on Each ofthe AASHTO T-283 to Tensile Strength of Unaged

on Each of the 3 Specimens • SllCcimens
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Specimens as per
AASHTO T-283

...
1 Perfonn Indirect 1

Tension Test on
Conditioned Specimens

...I Perfonn Indirect I
Tension Test on
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Figure 3.15: Flow Diagram for HMA Program

3.4.1 Mixture Designs

Two mix designs were performed using each asphalt binder. One mix design

was conducted utilizing a 150 mm mold and one utilizing a 100 mm mold. Superpave
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requires mixture designs to be performed with 150 mm molds. However, each of the

tests performed during the HMA testing program, requires 100 mm specimens.

Therefore, both asphalt binders were subjected to mixture designs with the two different

molds.

Each mix design was conducted using the SGC. The objective of these mix

designs was to determine the asphalt binder content at which the mixture exhibited 4.0

percent air voids at Ndes ' This was referred to as the optimum asphalt binder content.

3.4.2 Sample Preparation

For this study, HMA mixtures were defined by three constituents: mineral

aggregate, filler (baghouse fine combined samples), and asphalt binder. Based on a

study performed prior to fabricating test specimens, the filler and asphalt binder were

premixed to comprise a mortar and then added to the mineral aggregate. This side

study is presented in Appendix D.

The premixing procedure for the mortars was identical to that used in the mortar

evaluation task. However, for this task the volume of asphalt binder was held constant.

This volume of asphalt binder was based on the optimum asphalt binder content

determined during the mixture designs. Based on the volume, baghouse fines were

added to produce the proper F/A ratio.

Mixing of the HMA specimens consisted ofpreheating both the mortar and

mineral aggregate to a temperature of 160°C. Once this temperature was achieved, the

mortar was added to the mineral aggregate and mixed for a minimum of90 seconds
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with an automated mixer. After mixing, the loose, uncompacted mixture was placed in

an oven set at 170°C to bring the specimen back up to the compaction temperature of

150°C. The specimens were then compacted with the SGc.

Lime was only added to the mineral aggregate for the control mixture (Fine 9).

Lime was introduced by pre-wetting the aggregate and then adding 1 percent lime by

mass of total aggregate.

3.4.3 Indirect Tensile Test (IDT)

The IDT provides two properties used to characterize an HMA mixture: the

tensile strength and the tensile strain at failure. Even though the IDT is not a true tensile

test, it is commonly used to characterize HMA mixtures. It was developed to indirectly

determine the tensile strength of an HMA specimen. The theory behind the IDT is

based on mechanics of materials principles. A single compressive load is applied by

two loading plates to a cylindrical specimen parallel and along the specimen's vertical

diametral plane. This loading subjects the center plane between the loading plates to a

near uniform tensile stress acting perpendicular to the center plane, hence the name

"indirect" tensile test (Figure 3.16).

This test was performed as outlined in ASTM D4867 except no preconditioning

was conducted. A test temperature of25°C (77°F) was selected. To perform this test, a

load was applied via two loading plates at a constant deformation rate of2 in. per

minute until failure. The ultimate load and amount of vertical deformation was

recorded for each specimen. The tensile strength was calculated as follows:
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2 P
S - -- * 6.895

t 1t t d

St = tensile strength, kPa

p = ultimate load, lb.

t = thickness of the specimen, in.

d = diameter of the specimen, in.

6.895 = conversion from psi to kPa.

p

100 mm HMA
Specimen

Failure Surface

Eq.: 3.3

Figure 3.16: Schematic of Indirect Tensile Test
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Tensile strain at failure values are typically determined as follows:

where:

e = 0.52 * H
I

Et = strain at failure, in./in.

H = horizontal deformation, in./in.

(21) Eq.: 3.4

However, IDT tests were performed using Marshall stability equipment with a

specially designed breaking head to measure tensile strength. This method of testing

does not measure horizontal deformation. This equipment does however provide the

vertical deformation. Therefore, an equation was derived to determine Et in terms of

vertical deformation.

Based on the mechanics of materials and Poisson's ratio, an equation was

derived to use the vertical deformation data. Poisson's ratio relates the horizontal and

vertical strain of a material. A typically accepted value ofPoisson's ratio for HMA is

0.35 (25). The derivation is as follows:

H
J.1 = 3.59 * - - 0.27 (21)

V

where:

fl = Poisson's ratio

H = horizontal deformation

v = vertical deformation

Eq.: 3.5
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Equation 3.5 estimates Poisson's ratio for a 4-in. cylindrical specimen.

Substituting the assumed value ofPoisson's ratio into Equation 3.5 and solving for the

horizontal deformation, the resulting equation is as follows:

H = 0.173 * V Eq.: 3.6

Substituting Equation 3.6 back into Equation 3.4 yields the derived equation for

tensile strain at failure based on vertical deformation, and is as follows:

E = 0.090 * V
t Eq.: 3.7

Equation 3.7 was utilized for calculating tensile strain at failure for each tested

specimen for this project.

3.4.4 Confined Repeated Load Deformation Test

This test method was selected to provide an indication of the rutting potential of

the different asphalt binder-baghouse fine HMA mixtures. Currently no ASTM (or

otherwise) test standard exists for this test. Therefore, a brief discussion follows.

A 100 mm diameter specimen that had been compacted to 95 gyrations using the

SGC was placed in a rubber membrane. The specimen was then placed in a triaxial cell.

This triaxial cell was similar to cells used in soil testing laboratories. Once in the

triaxial cell, the cell and specimen were placed in a temperature control chamber having

a temperature of 60°C. After reaching temperature equilibrium, a confining pressure of

137.9 kPa was applied to the specimen. A seating load (compressive) of68.9 kPa was
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then applied. Once seated, the specimen was repeatedly loaded with an 827.4 kPa

compressive pulse load. This load was applied for 0.1 seconds and then removed for

0.9 seconds, thereby producing a 1 second loading cycle. Loading cycles were

continued for 3,600 seconds (1 hour). After the hour ofloading cycles, the specimen

was allowed to recover for 15 minutes. Figure 3.17 illustrates the non-linear strain

accumulation typical of this confined repeated load test.

During the test, deformation measurements are recorded through a data

acquisition system. These deformation measurements were then used to determine

strain. The strain value of interest is the maximum strain accumulated in the specimen.

Maximum strain was defined as the strain at the end of the 1 hour loading cycle.

Typical Plot For Confined Repeated Load Deformation Test
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Figure 3.17: Typical Plot For Confined Repeated Load Deformation Test



81

3.4.5 Moisture Susceptibility

The Root-Tunnicliff (AASHTO T-283) method of determining a mixture's

moisture susceptibility was selected for this project. Moisture susceptibility of a HMA

mixture is the potential for deterioration of the mixture due to the detrimental influences

ofwater. Stripping is a term used to describe the effects of moisture damage. Stripping

produces a loss in strength through the weakening of the bond between the asphalt

binder and aggregate. In effect, stripping causes the loss ofcohesion in the mixture that

leads eventually to distresses.

The Root-Tunnicliffmethod requires that six specimens be compacted to

between 6 and 8 percent voids in total mix (VTM). After compaction, three specimens

were partially saturated to between 55 and 80 percent using a vacuum system. The

partially saturated specimens (conditioned samples) were then placed in a 60°C water

bath for a 24 hour period. After this time, the specimens were placed in a 25 °C water

bath for 2 more hours and subsequently tested by the IDT. The remaining three

specimens (unconditioned samples) were tested by the IDT in an unsaturated state at a

temperature of25°C. Results of the three IDT for the conditioned and unconditioned

samples were then averaged and the Tensile Strength Ratio (TSR) determined. The

TSR is the ratio (expressed as a percentage) between the unconditioned average tensile

strength and the conditioned average tensile strength. The lower the TSR, the more

susceptible the HMA is to stripping.
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3.4.6 Long-Term Aging

In order to evaluate the durability of the asphalt binder-baghouse fines HMA

mixtures, each combination was subjected to Superpave Long-Term Aging procedures.

The SHRP researchers developed this procedure to simulate in-service aging in the

field. AASHTO PP2 outlines this procedure. However, some modifications were made

to this procedure. These are discussed in the following paragraphs.

This procedure actually involves aging in two stages. A short-term aging

procedure is performed on a loose, uncompacted HMA specimen. This procedure was

developed to simulate the aging that occurs during field plant mixing operations. After

short-term aging, the specimen is compacted using normal compacting procedures.

Once compacted, the specimen undergoes further aging using the long-term aging

procedures. This procedure simulates the in-service aging ofHMA after field

placement and compaction.

In order to accomplish the short- and long-term aging procedures, a HMA

specimen's aggregate and mortar were preheated to the desired mixing temperature.

These constituents were than mixed to produce a loose, uncompacted mixture. Next,

the mixture was placed in a baking pan and spread to an even thickness of

approximately 21 to 22 kg/m3
• The baking pan was then placed in a forced draft oven

for 4 hr ± 5 minutes at a temperature of 135°C ± 1°C. Short-term aging is completed at

the end of this 4 hr. period. After the 4 hr, the mixture was removed from the 135°C

oven and placed in a 170°C oven to bring the mixture up to compaction temperature.
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The mixture was then compacted to 95 gyrations using the SGc. Once compacted, the

specimen was extruded from its mold and placed in a 60°C forced draft oven for 2 hr.

After the 2 hr in the 60°C oven, the specimen was allowed to cool to room temperature.

The specimen was then placed on a rack in a 85°C forced draft oven for 120 hr. After

120 hr, the forced draft oven was turned off and the door left ajar to allow the specimen

to cool to room temperature. Long-term aging was completed once the specimen

reached room temperature.

To evaluate durability, three specimens of each asphalt binder/baghouse fine

combination were prepared using the short- and long-term procedures. Each of these

specimens were tested using the IDT to provide the tensile strength of the aged

specimens. These values of tensile strength were then averaged to yield an average

tensile strength. These average tensile strength values and the results of the IDT testing

on unaged specimens (as outlined in Section 3.4.3) were used to calculate a Long-Term

Ratio (LTR). The LTR was defined as the ratio of the tensile strength of the aged

specimens to the tensile strength of the unaged specimens.

3.4.7 Compactibility

Relative compactibility of each specimen was determined from the data

generated during compaction with the SGC. Output from the SGC consisted of a

specimen's height for each gyration. Based on a specimen's height, the percent

Theoretical Maximum Specific Gravity (%Gmm) was calculated for each height. For this

study, the %Gmm was determined for the following gyrations: 5,8, 15,20,30,40,50,
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60, 70, 80,90, and 95. From this data, a compaction curve was generated for each

specimen. Compaction curves were defined as %Gmm plotted versus the number of

gyrations. When the number of gyrations were plotted on a logarithmic scale, these

curves were essentially a straight line. A typical compaction curve is presented in

Figure 3.18.

Compactibility was defined for a specimen as the slope ofthe compaction curve

for that specimen. The slope was determined between 8 and 95 gyrations. These

correspond to Nini and Ndes from the mixture design process. In general, mixtures having

a steep slope are thought to be more resistant to rutting than mixtures with a flatter

slope.
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Figure 3.18: Typical Compaction Curve





Chapter 4 - Materials

Materials needed for this research study consisted of two asphalt binders, one

source of aggregate, and baghouse fine samples. A total often different baghouse fines

were used during the mortar and HMA mixture evaluation phases. All ten were used for

the mortar evaluation, while five of the ten were used for the HMA mixture evaluation.

Each of these materials are described in the following sections.

4.1 Asphalt Binders

This research study used two sources of one grade of asphalt binder (AC-20).

This grade of asphalt cement was selected because it is considered a medium hard

asphalt that would not hinder evaluation of the effects of the baghouse fines. The two

asphalt cements were a Citgo AC-20 and a Shell AC-20. The Citgo AC-20 is a

Venezuelan crude while the Shell AC-20 is from a Wood River, Illinois origin. The

physical properties of these asphalt binders are presented in Table 4.1. Superpave

testing was performed on these two asphalt binders. Results of these tests are presented

in Chapter 5 (Table 5.6)

Temperature-viscosity charts for the Citgo AC-20 and Shell AC-20 are

presented in Figures 4.1 and 4.2, respectively. These two charts were utilized to

determine both the mixing and compaction temperatures for the HMA mixtures.
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Mixing and compaction temperature was defined as the temperature at which the asphalt

binder must be heated to produce a viscosity of 170 ± 20 cSt and 280 ± 30 cSt,

respectively. Based on Figures 4.1 and 4.2, the mixing and compaction temperatures

for both asphalt binders were selected as 160°C and 150°C, respectively.

T:lble 4.1: Physical Properties of Asphalt Binder Materials

Pronerties I Citgo AC-20 I Shell AC-20 I
Viscosity - Absolute, 600 C, P 2252 1980

Viscosity - Kinematic, 135 0 C, cSt 490 390

Penetration - 25 0 C, 100g, 5 sec. 0.1 mm 84 64

Flash Point - Cleveland Open Cup, 0 C 500 600

Solubility in Trichloroethvlene - % 99.95 99.87

Temperature-Viscosity Chart for Citgo AC-20
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Figure 4.1: Temperature-Viscosity Chart for Citgo AC-20



87

Temperature-Viscosity Chart for Shell AC-20
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Figure 4.2: Temperature-Viscosity Chart for Shell AC-20

4.2 Aggregates

Only one source of aggregate, a quarried granite-gneiss obtained from a quarry

near Spartanburg, South Carolina, was used for this project. Three different stockpiles

of this aggregate were obtained for use in this research study. The stockpile

designations were No. 6M, No. 789, and Regular Screenings. Aggregate from each

stockpile was processed in the laboratory by screening the material into individual sieve

sizes and then recombining to meet the gradation shown in Table 4.2. This is a dense-

graded gradation used for high volume traffic pavements. Table 4.2 also shows that a

9.5 mm (3/8 in) sieve was added to the gradation specification. This was done because
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ofa discrepancy in the material retained on the 4.75 mm (No.4) sieve between the No.

6M and No. 789 stockpiles. By adding this sieve, the fabricated gradations were more

consistent. Figure 4.3 illustrates this gradation graphically on a 0.45 power gradation

chart.

Table 4.2: SCDOT Type IB Gradation Limits

Percent Passing Percent Passing
Sieve Size mm (Soecification Range) (Protect)

25.0 100 100

19.0 90-100 95

12.5 72-90 81

9.5 * 66

4.75 42-60 51

2.36 30-48 39

0.600 12-29 20.5

0.150 6-16 11

0.075 2-8 5
* Not III SpecIficatIOn

4.3 Baghouse Fines for Mortar and Mixture Evaluation

Baghouse fine samples from ten plants were selected and combined to produce

ten baghouse fine combined samples which would represent an average of the five day

production for each of the ten plants. Table 4.3 presents the plants from which the ten

fines were obtained along with the configuration of the dust collection system for each

plant.
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Each baghouse fine combined sample was produced by sieving a plant's selected

samples over a 0.075 mm (No. 200) sieve. Approximately 100 pounds of material was

sieved for each combined sample. Once this amount was produced, the combined

sample was thoroughly mixed to yield a uniform sample. Fine No.9 in Table 4.3 was

actually material minus the 0.075 mm (No. 200) sieve from the Regular Screenings

stockpile. This fine constituted the control.

SCDOT Type IB Gradation
100

90

80

70

~0

Di 60
.51
'"'" 5001

Dot-C... 40u......
Dot

30

20

10

0
0.075 nrn O.600nrn 2.36nrn 4.75nrn

Seive Size Raised to 0.45 Power, rom

Figure 4.3: SCDOT Type IB Gradation Used for Project
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Table 4.3: Origin ofTen Baghouse Fine Combined Samples and The Configuration of
the Dust Collection System.

I Fine No. I Plant No. I Dust Collection System I
1 6 Knockout Box and Baghouse

2 7 Baghouse

3 11 Baghouse

4 17 Baghouse

5 5 Cyclone and Baghouse

6 14 Knockout Box and Baghouse

7 15 Knockout Box and Baghouse

8 12 Baghouse

9 Control N/A

10 1 Cyclone and Baghouse



CHAPTER 5: TEST RESULTS

The four main tasks outlined in the Plan of Study were conducted to establish a

criteria for the inclusion ofbaghouse fines into HMA mixtures. Each of these tasks

were designed to develop information to reach this objective. This chapter presents the

results for each of these phases.

5.1 Results of Field Program

This section presents a discussion of the results of the field sampling program.

Eighteen HMA producing facilities were sampled for baghouse fines. At each of these

facilities, a representative of the National Center for Asphalt Technology obtained the

baghouse fine samples. Actual documentation as to sampling times and each facility's

equipment and operation is presented in Appendix D.

Another objective of the field sampling program was to determine the rate at

which baghouse fines are reintroduced into the HMA mixing process. Of the 18

facilities sampled, only one had a configuration in which the rate could be determined.

This plant utilized a surge bin between the baghouse and the reintroduction point. The

dust collection system for this facility consisted ofonly a baghouse. The surge bin

(Figure 5.1) allowed the full-flow ofbaghouse fines to be either reintroduced into the

bin or wasted.
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Figure 5.1: Surge Bin Utilized During Rate of Reintroduction Experiment

From Figure 5.1, it can be seen that the surge bin is fed by an auger chute

incoming from the baghouse (right side of figure). Also, there is an auger chute leading

from the bottom ofthe bin to the drum. This chute is utilized for the reintroduction of

the baghouse fines into the HMA mixing process. A control valve is located at the top

of the surge bin. If the control valve is closed, the full-flow ofbaghouse fines are sent

over the surge bin to the wasting point located to the left of the bin.

In order to measure the rate ofbaghouse fines being reintroduced, the control

valve on top of the surge bin was closed. A dump truck was tared on the scales located

at the plant and placed under the wasting point. The baghouse fines were wasted into
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the dump truck for a period of20 minutes. Weighing the dump truck after the

conclusion of wasting allowed the rate to be determined. Table 5.1 presents the results

of this experiment. The rate ofreintroduction was determined five times for this

experiment.

Table 5.1: Results of Rate of Reintroduction Experiment

IProperty I Sample Sample Sample Sample Sample
1 2 3 4 5

Rate of Reintroduction of Baghouse Fines, tph 15.3 13.5 18.0 17.3 21.2

Rate of HMA production, tph 260 272 297 298 325

Percentage of Baghouse Fines in HMA 5.9 5.0 6.0 5.8 6.5
Mixture, %

Percent of Baghouse Fines Finer Than 0.075 50.2 52.0 51.1 52.1 55.0
rom Sieve, %

Rate of Reintroduction of Baghouse Fines 7.7 7.0 9.2 9.0 11.7
Finer Than 0.075 rom Sieve, tph

Percent of Mixture That Is Baghouse Fines 3.0 2.6 3.1 3.0 3.6
Finer Than 0.075 rom Sieve, %

Job Mix Formula Specification for Percent 5.4 5.4 5.4 5.4 5.4
Minus 0.075 rom Sieve, %

Percent of Material Finer Than 0.075 rom 55 48 57 56 67
Sieve That are Baghouse Fines, %

The rate of reintroduction ofbaghouse fines ranged from 13.5 to 21.2 tons per

hour (tph). During the rate ofreintroduction testing, the plant operator monitored the

rate ofHMA production. The average values ranged from 260 to 325 tph. Based on

these two quantities, the percentage ofbaghouse fines in the produced HMA mixture

was determined. This quantity was calculated by dividing the rate ofbaghouse fines by
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the rate ofHMA production, expressed as a percentage. The percentage ofbaghouse

fines in the HMA pavement ranged between 5.0 and 6.5 percent.

Samples were obtained each time the rate of reintroduction test was performed.

For each of these samples, the percent material minus the 0.075 mm sieve was

determined (washed). These values ranged from 50.2 to 55.0 percent passing.

Based on these values, the rate ofbaghouse fines finer than a 0.075 mm sieve

being reintroduced was determined by multiplying the percent ofbaghouse fines finer

than 0.075 mm and the overall rate ofbaghouse fines being reintroduced. These

quantities ranged between 7.0 and 11.7 tph.

Using rate ofbaghouse fines finer than 0.075 mm and the average rate ofHMA

production, the percentage of the HMA mixture that was comprised ofbaghouse fines

passing the 0.075 mm sieve was determined. This was accomplished by dividing the

rate ofminus 0.075 mm material and the rate ofHMA production and expressing as a

percentage. These values ranged from 2.6 to 3.6 percent.

The job-mix-formula for this project indicated that the actual percent material

passing the 0.075 mm sieve should be 5.4 percent. By using this value and the

percentage ofbaghouse fines smaller than 0.075 mm, the percentage of all material finer

than a 0.075 mm sieve that was comprised ofbaghouse fines was determined. These

values ranged from between 48 and 67 percent. The significance of these results is that

more than 50 percent of the material passing the 0.075 mm (No. 200) sieve can come
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from the baghouse fines. Therefore, changes in the properties ofbaghouse fines may

have a significant effect on HMA mixtures.

5.2 Results of Baghouse Fines Laboratory Testing

This section presents the results of laboratory testing on the baghouse fines

obtained during the field program. Appendix F presents the results for the particle size

analyses performed on the samples obtained during the field sampling program. Based

on these results, the mean particle diameter ranged from approximately 12 to 300

microns. This lower value of 12 microns was a baghouse sample from a plant that

utilized a primary collector before the baghouse. The value of 300 microns also came

from a plant with a primary collector, but this sample was a combined primary and

baghouse fine sample.

Table 5.2 presents the results for the ten baghouse fine combined samples

utilized for the mortar and HMA laboratory programs. Results are presented for the

mean particle diameter, the D IO diameter, the D30 diameter, the D60 diameter, the

Coefficient ofUniformity, the percent clay-sized particles, the Fineness Modulus, and

the Specific Surface Area.

Based on Table 5.2, several observations can be made. First, Plant No.3 had the

lowest mean particle diameter at 16.1 /lm. Interestingly though, this plant did not

utilize a primary collector. Based on the literature and other data in the Table 5.2,

plants that use a primary collector usually have finer baghouse fines. Next, the two

samples that showed the largest range in particle sizes (as defined by CJ were Plants



96

No.4 and 7. Plant No.4 used only a baghouse for the dust collection system, while

Plant No.7 had a knockout box before the baghouse. Reason would suggest that there

would not be as large of variation in a baghouse fine with the presence ofa primary

collector before the baghouse.

Table 5.2: Results of Particle Size Analyses for the Ten Baghouse Fine Combined Samples

Fine Mean Particle D IO D30 D60 Cu % Clay FM Specific Surface
No. Diameter, !lm Area, cm2/ml

1 20.5 1.51 4.89 18.27 12.14 14.2 3.06 14114

2 32.8 2.43 13.03 34.55 14.22 8.27 4.15 8901

3 16.1 1.12 2.74 9.32 8.32 22.17 2.34 20142

4 54.1 7.48 31.34 61.91 8.28 3.13 5.49 4296

5 25.3 2.19 8.79 24.44 11.15 9.01 3.57 10132

6 32.1 2.60 12.10 32.67 12.59 7.62 4.08 8621

7 38.4 2.13 12.30 37.75 17.76 9.41 4.28 9572

8 36.5 2.47 12.54 28.30 11.46 8.05 4.29 8729

9 41.0 3.43 16.54 33.49 9.75 5.92 4.63 6969

10 44.6 4.03 20.87 48.70 12.07 5.42 4.90 6313

Appendix G presents the results of the modified Rigden's voids test for the

samples obtained during the field sampling task. Results are presented as the modified

Rigden's percent voids. In addition, the results of the specific gravity tests performed

are presented in these tables.

Table 5.3 presents the results ofmodified Rigden's voids test and specific

gravity testing performed on the ten baghouse fine combined samples utilized for the
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mortar and HMA laboratory tasks. Results in this table are presented for the modified

Rigden's percent voids (%Vdv), percent bulk volume (%Vdb), and the percent free

asphalt in an asphalt binderlbaghouse fine mortar (%Vaf). These latter two properties

were calculated based on F/A ratios (volume) of 0.2, 0.3, 0.4, 0.5. Also presented in

Table 5.3 are the results of the specific gravity tests for each of the ten combined

samples.

Table 5.3: Results of Modified Rigden's Void Test and Specific Gravity Testing for the Ten
Baghouse Fine Combined Samples

Baghouse Fine F/A
%Vdv %Vdb %Var

Specific
Combined Sample No. Ratio Gravity

0.2 37.7 62.3

0.3 52.2 47.8
1 55.8 2.736

0.4 64.6 35.4

0.5 75.4 24.6

0.2 30.0 70.0

0.3 41.6 58.4
2 44.5 2.646

0.4 51.5 48.5

0.5 60.1 39.9

0.2 34.0 66.0

0.3 47.0 53.0
3 50.9 2.654

0.4 58.2 41.8

0.5 67.9 32.1

0.2 33.9 66.1

0.3 46.9 53.1
4 50.8 2.629

0.4 58.1 41.9

0.5 67.8 32.2
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Table 5.3: Results of Dry Compaction and Specific Gravity Testing for the Ten Baghouse Fine
Combined Samples

Baghouse Fine F/A
% Vdv %Vdb %Vaf

Specific
Combined Sample No. Ratio Gravity

0.2 44.5 55.5

0.3 61.6 38.4
5 62.6 2.701

0.4 76.3 23.7

0.5 89.0 11.0

0.2 33.2 66.8

0.3 45.9 54.1
6 49.8 2.728

0.4 56.9 43.1

0.5 66.3 33.7

0.2 37.2 62.8

0.3 51.5 48.5
7 55.2 2.750

0.4 63.7 36.3

0.5 74.3 25.7

0.2 31.3 68.7

0.3 43.3 56.7
8 46.7 2.757

0.4 53.6 46.4

0.5 62.6 37.4

0.2 27.6 72.4

0.3 38.2 61.8
9 39.5 2.648

0.4 47.3 52.7

0.5 55.1 44.9

0.2 35.6 64.4

0.3 49.3 50.7
10 53.1 2.763

0.4 61.0 39.0

0.5 71.1 28.9
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The control Fine (Fine 9) had the lowest modified Rigden's percent voids. This

would indicate that as the percentage of manufactured fines are increased in a HMA

mixture, the modified Rigden's percent voids should decrease.

Methylene Blue testing was conducted on the ten baghouse fine combined

samples. Table 5.4 presents the results of this testing. Results are presented as the

Methylene Blue Value.

Table 5.4: Results of Methylene Blue Testing for the
Ten Baghouse Fine Combined Samples

R.,ohnuse Fine Combined Sample Methylene Blue Value

I 2.8

2 3.0

3 11.0

4 0.5

5 1.0

6 0.5

7 0.5

8 0.8

9 0.5

10 0.5

Based on the study performed by Aschenbrener (22), only Fine 3 would be

marginal. Each of the other baghouse fine combined samples would be expected to

perform excellent with respect to moisture susceptibility. Aschenbrener stated that

excellent fillers have a Methylene Blue Value ofless than 6.
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Results of the 30 particle size analyses (10 fines * 3 replicates) perfonned by

mechanical means are presented in Table 5.5. Recall that mechanical particle size

analysis encompasses both the use of sieves and hydrometer testing and was conducted

by the Alabama Department ofTransportation. This table also presents the particle size

analyses for each of the 30 samples using the Coulter LS200 Particle Size Analyzer.

These values were utilized to detennine if a correlation exists between these two

methods ofparticle size analysis.

Table 5.5: Results of Mechanical and Laser Diffraction Particle Size Analysis on 30 Samples

Mechanical Analvsis Coulter LS200 Analvsis

Sample Rep. Percent Passin!! Percent Passin!!:

2000J!m 420J!m 75J!m 2J!m 2000J!m 420J!m 75J!m 2J!m

I 100.0 98.5 33.4 6.6 100.0 95.4 28.8 2.8

1 2 100.0 99.1 35.3 7.1 100.0 96.5 30.7 3.0

3 100.0 98.8 34.3 6.7 100.0 96.7 29.2 2.9

1 100.0 99.7 96.6 20.9 100.0 100.0 94.1 7.0

2 2 100.0 100.0 97.7 23.6 100.0 100.0 93.1 7.0

3 100.0 99.9 97.4 24.1 100.0 100.0 87.0 6.0

1 100.0 99.9 75.5 7.8 100.0 100.0 89.8 11.8

3 2 100.0 100.0 74.2 1.4 100.0 100.0 81.0 10.7

3 100.0 100.0 75.8 9.8 100.0 100.0 86.6 11.5

1 100.0 98.8 85.1 28.3 100.0 100.0 95.1 22.3

4 2 100.0 99.7 86.3 27.4 100.0 100.0 100.0 26.8

3 100.0 100.0 85.9 27.4 100.0 100.0 95.9 22.6
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Table 5.5: Results of Mechanical and Laser Diffraction Particle Size Analysis on 30 Samples

Mechanical Analvsis Coulter LS200 Analvsis

Sample Rep. Percent PassinQ' Percent Passing

2000llm 420llm 751lm 21lm 2000llm 420llm 751lm 21lm

1 100.0 99.8 98.7 2.3 100.0 100.0 98.8 14.6

5 2 100.0 99.9 99.4 4.9 100.0 100.0 99.4 14.7

3 100.0 99.9 99.2 2.1 100.0 100.0 99.9 15.6

1 100.0 99.8 96.5 10.3 100.0 100.0 53.7 3.8

6 2 100.0 99.9 85.7 9.8 100.0 100.0 70.7 5.3

3 100.0 99.9 86.9 7.9 100.0 100.0 86.9 5.8

1 100.0 97.7 26.6 5.2 100.0 93.1 23.0 1.3

7 2 100.0 98.3 25.4 5.0 100.0 92.9 23.3 1.2

3 100.0 97.4 26.2 5.0 100.0 91.7 22.8 1.2

1 100.0 87.8 38.7 7.2 100.0 97.1 46.6 3.9

8 2 100.0 98.4 49.7 6.0 100.0 97.8 46.8 4.0

3 100.0 98.8 49.5 6.6 100.0 88.9 44.3 3.7

1 100.0 98.6 17.4 6.4 100.0 93.4 16.6 1.7

9 2 100.0 98.3 18.3 5.5 100.0 93.9 17.8 1.8

3 100.0 99.1 17.8 6.5 100.0 94.9 18.9 1.7

1 100.0 88.3 52.7 4.8 100.0 71.5 52.9 5.3

10 2 100.0 88.3 56.0 4.7 100.0 76.1 62.5 6.4

3 100.0 88.8 59.0 3.0 100.0 89.7 46.6 4.0

Based on Table 5.5, for the coarser sieve sizes it looks like both methods are

similar. However, below the 420Jlm size, there are differences in the data and it does

not seem to be consistent.
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5.3 Results of Mortar Testing

As stated previously, mortar testing completed on the TFOT and PAY aged

mortars was conducted based on a one-half fractional factorial statistical design.

Results of all mortar testing are presented in Appendix H. Cells within this table that

are blank indicate no testing was performed. Results oftesting on the neat asphalt

binders is presented in Table 5.6. Based on the results of this testing ofthe neat binders,

it appears that the Citgo AC-20 would be a PG 64-28 and the Shell AC-20 would be a

PG 64-22.

Table 5.6: Results of Testing on the Two Neat Asphalt Binders

Aged State Test Asphalt Binder No. 1 Asphalt Binder No.2

SP, °e 47.7 48.9

BV @ 135 °e, cP 487 412

Original, Unaged BV@ 175 °e, cP 108.3 104

DSR@ G*, kPa 1.304 1.135

64 °e () 84.6 85.4

DSR@ G*, kPa 3.177 2.892
TFOT Aged Binder

64 °e () 79.7 81.0

DSR@ G*,kPa 4741 6492

22°e () 46.8 39.5TFOT and PAV Aged
Binder S,Mpa 268 327BBR@

-18°e m-value 0.336 0.283
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5.4 HMA Laboratory Testing

Five of the ten Fines were combined with mineral aggregate and asphalt binder

to produce HMA mixtures. Fines 1,2,4,5, and 9 were utilized during the HMA

laboratory testing. To maintain similar nomenclature, the Fine numbers presented in

this section correspond to the same Fine numbers utilized during the mortar test results.

Therefore, ACIFI similarly corresponds with a mortar comprised of Asphalt Binder

No. 1 and Fine 1.

As stated previously, four mix designs were performed. Both asphalt binders

were added to the granite-gneiss aggregate and mix designs were performed using both

a 150 rom and 100 rom mold. The optimum asphalt binder content was defined as the

asphalt binder content that yielded 4.0 percent air voids in total mix at the design

number of gyrations. Results of these four mixture designs are presented in Table 5.7.

Table 5.7: Results of Mixture Designs

Asphalt Binder Mold Size, mrn Optimum Binder Content

Asphalt Binder No.1 150 4.1

Asphalt Binder No. 1 100 4.3

Asphalt Binder No.2 150 4.3

Asphalt Binder No.2 100 4.5

Based on Table 5.7, the particular gradation and two asphalt binders used for

this project, the mold size did not influence the optimum binder content. In addition,

the mix designs using both asphalt binders yielded similar optimum asphalt binder
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contents. For this reason, an optimum asphalt binder content of4.3 percent was chosen

for both asphalt binders.

Indirect Tensile Tests (IDT) were perfonned on three specimens per

combination of asphalt binder/baghouse fine/fine-to-asphalt ratio. Results for this

testing are presented in Table 5.8. This table presents the average tensile strength (SJ

and tensile strain at failure (E t) per combination. Therefore, each value is the average of

three specimens.

Table 5.8: Results of Indirect Tensile Testing

Asphalt
F/A €"

Asphalt
F/A €"BinderlFine St,kPa BinderlFine St,kPa

Combination
Ratio mm/mm

Combination
Ratio mm/mm

0.3 1138.5 0.00621 0.3 952.6 0.00675

ACIFI 0.4 1245.4 0.00591 AC2F4 0.4 992.8 0.00660

0.5 1284.1 0.00570 0.5 1024.4 0.00663

0.3 1176.3 0.00615 0.3 1117.3 0.00642

AC2Fl 0.4 1201.5 0.00591 ACIF5 0.4 1209.1 0.00636

0.5 1321.8 0.00588 0.5 1229.0 0.00627

0.3 1088.3 0.00681 0.3 1114.1 0.00669

ACIF2 0.4 1223.0 0.00624 AC2F5 0.4 1114.4 0.00621

0.5 1205.0 0.00645 0.5 1284.7 0.00627

0.3 1146.1 0.00612 0.3 1032.4 0.00600

AC2F2 0.4 1252.9 0.00591 ACIF9 0.4 1029.0 0.00639

0.5 1255.1 0.00606 0.5 1029.6 0.00624

0.3 962.5 0.00645 0.3 1062.5 0.00627

ACIF4 0.4 1008.7 0.00666 AC2F9 0.4 1189.6 0.00636

0.5 836.7 0.00687 0.5 1176.8 0.00600
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The lowest tensile strengths and highest strains at failure presented in Table 5.8

were for Fine 4. This particular fine had a large portion of mica. Mica is a soft elastic

material and may explain why this particular fine had the lower tensile strengths and

highest strains at failure.

Confined Repeated Load tests were performed on three specimens per

combination of asphalt binderlFine/fine-to-asphalt ratio combination. Results for this

testing are presented in Table 5.9. This table presents the average Creep Stiffness and

Creep Strain Rate per combination. Therefore, each value is the average of three

speCImens.

Confined repeated load deformation test data for two combinations are not

presented (AClF4 at a FIA ratio of 0.5 and AC2F4 at a FIA ratio of 0.3). The results for

these two combinations were on the order of ten times higher than other test results for

this fine. For this reason, the results were not reported.

Root-TunnicliffMoisture Susceptibility tests were performed on six specimens

per combination of asphalt binderlFine/fine-to-asphalt ratio. Three specimens were

tested in an unconditioned state and three were tested after vacuum saturating and a

subsequent conditioning in a water bath at 60°C for 24 hours. Each of the six

specimens were tested by the IDT test to determine tensile strength. For each

combination, the results of the tensile strengths for the three unconditioned and three

conditioned specimens were averaged. A tensile strength ratio (TSR) was then

determined for each combination by dividing the average tensile strength of the
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conditioned specimens by the average tensile strength of the unconditioned samples.

The results for this testing are presented as TSR values for each combination in Table

5.10.

Table 5.9: Results of Confined Repeated Load Testing

Asphalt
F/A Maximum

Asphalt
F/A Maximum

BinderlFine
Ratio Strain, mm/rnrn

BinderlFine
Ratio Strain, mm/rnrn

Combination Combination

0.3 0.0205 0.3 ******

ACIFI 0.4 0.0146 AC2F4 0.4 0.0250

0.5 0.0154 0.5 0.0403

0.3 0.0194 0.3 0.0221

AC2Fl 0.4 0.0215 ACIF5 0.4 0.0131

0.5 0.0390 0.5 0.0131

0.3 0.0438 0.3 0.0197

ACIF2 0.4 0.0486 AC2F5 0.4 0.0625

0.5 0.0254 0.5 0.0255

0.3 0.0250 0.3 0.0160

AC2F2 0.4 0.0274 ACIF9 0.4 0.0235

0.5 0.019 0.5 0.0235

0.3 0.0221 0.3 0.0252

ACIF4 0.4 0.0347 AC2F9 0.4 0.0247

0.5 ****** 0.5 0.0233

A typical requirement for a TSR value is 70 percent. Based on Table 5.10,

approximately 70 percent of the combinations would pass this requirement. This can

probably attributed to the fact that South Carolina requires lime to be added to HMA

mixtures as an anti-stripping agent. Because of its particle size, the lime is probably
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being picked up into the exhaust gas stream and taken to the baghouse. This would

explain the high TSR values.

Table 5.10: Results of Root-Tunnicliff Moisture Susceptibility Testing

Asphalt Binder/Fine F/A
TSR,%

Asphalt Binder/Fine F/A
TSR,%

Combination Ratio Combination Ratio

0.3 73.3 0.3 77.3

ACIFI 0.4 72.6 AC2F4 0.4 75.8

0.5 82.2 0.5 84.4

0.3 81.8 0.3 65.6

AC2Fl 0.4 76.0 ACIF5 0.4 80.9

0.5 76.5 0.5 81.4

0.3 53.5 0.3 66.6

ACIF2 0.4 64.6 AC2F5 0.4 67.8

0.5 72.8 0.5 69.1

0.3 65.3 0.3 75.6

AC2F2 0.4 69.4 ACIF9 0.4 83.6

0.5 70.7 0.5 77.0

0.3 82.7 0.3 83.1

ACIF4 0.4 72.6 AC2F9 0.4 82.8

0.5 78.7 0.5 81.1

Long Term Aging procedures were performed on three specimens per mixture

combination. Subsequent to the Long Term Aging procedures, each specimen was

tested by the IDT test to determine the tensile strength. The tensile strengths for the

three specimens of a given combination were then averaged. In addition, the results of

the tensile strengths for the same combination as determined on the unaged specimens
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during IDT testing were averaged. From these two averages a Long Term Ratio (LTR)

was determined by dividing the average tensile strength of the aged specimens by the

average tensile strength of the unaged specimens. Table 5.11 presents the results of this

testing as LTR values.

Interestingly, Table 5.11 shows that some mixture combinations lost tensile

strength and some gained tensile strength after the long term aging procedure.

Combination AC2F1-0.5 lost approximately halfof its tensile strength, while

combination AC1F4-0.3 gained 30 percent after long term aging.

Table 5.11: Average Results of Long Term Aging Testing

Asphalt Binder/Fine F/A
LTR

Asphalt Binder/Fine F/A
LTR

Combination Ratio Combination Ratio

0.3 0.79 0.3 0.92

ACIFI 0.4 0.77 AC2F4 0.4 0.92

0.5 0.85 0.5 1.15

0.3 0.75 0.3 1.02

AC2Fl 0.4 0.90 ACIF5 0.4 1.02

0.5 0.56 0.5 1.08

0.3 0.91 0.3 1.13

ACIF2 0.4 0.75 AC2F5 0.4 1.28

0.5 0.78 0.5 0.97

0.3 0.78 0.3 0.94

AC2F2 0.4 0.71 ACIF9 0.4 0.99

0.5 1.08 0.5 1.03

0.3 1.30 0.3 1.00

ACIF4 0.4 0.92 AC2F9 0.4 1.04

0.5 1.11 0.5 1.13
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Recall from the Plan of Study that twelve specimens per combination were

compacted to 95 gyrations. Volumetric properties were determined for these twelve

specimens. These properties included percent air voids in total mix (VTM), voids in

mineral aggregate (VMA), and voids filled with asphalt binder (VFA). Volumetric

properties for each combination are presented in Table 5.12. Values in this table

represent the average volumetric property based on the twelve specimens compacted.

Table 5.12: Average Volumetric Properties for Each Combination
Based on Twelve Specimens

Asphalt
F/A V1M, VMA, VFA

Asphalt
F/A VTM, VMA, VFA,Binder/Fine Binder/Fine

Combination
Ratio % % %

Combination
Ratio % % %

0.3 3.9 16.5 76.5 0.3 5.0 17.0 70.5

ACIFI 0.4 3.0 15.7 80.7 AC2F4 0.4 4.6 16.6 72.5

0.5 2.8 15.4 81.9 0.5 4.5 16.5 72.8

0.3 4.5 16.9 73.4 0.3 2.8 15.1 81.2

AC2Fl 0.4 4.0 16.3 75.6 ACIF5 0.4 2.8 14.9 81.5

0.5 3.4 15.7 78.7 0.5 2.9 14.9 80.3

0.3 4.1 16.5 75.4 0.3 3.5 16.1 78.0

ACIF2 0.4 3.4 15.9 78.6 AC2F5 0.4 3.2 15.7 79.3

0.5 3.2 15.7 79.3 0.5 3.4 15.7 78.7

0.3 4.4 16.8 74.0 0.3 3.7 15.8 76.5

AC2F2 0.4 4.1 16.4 75.0 ACIF9 0.4 3.5 15.5 77.6

0.5 3.8 16.1 76.7 0.5 3.2 15.2 78.8

0.3 4.5 16.5 72.7 0.3 3.8 16.0 76.3

ACIF4 0.4 4.0 16.1 75.0 AC2F9 0.4 3.5 15.6 77.6

0.5 4.3 16.3 73.6 0.5 3.5 15.6 77.5
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Based on a preliminary observation of the data in Table 5.12, it appears that with

an increase in the percentage ofbaghouse fines, the voids in total mix and percent voids

in mineral aggregate both decrease, while the percent voids filled with asphalt increases.

Recall that the optimum asphalt content was defined as the asphalt content at which the

voids in total mix were 4.0 percent at Ndes ' Based on Table 5.12, it appears that the

different fines do affect the optimum asphalt content. Some combinations begin above

4.0 percent and then drop to below 4.0 percent as the percentage ofbaghouse fines

increases. However, for some combinations, the voids in total mix are below 4.0

percent at the lowest percentage ofbaghouse fines.

The twelve specimens compacted to 95 gyrations were used to measure the

relative compactibility ofHMA mixtures containing the five i'ines. Compactibility was

defined as the slope of a specimen's compaction curve between Nini and Nmax• Results

of the relative compactibility are presented in Table 5.13. Values within the table

constitute the average compactibility ofthe twelve specimens per combination.

As a mixture's resistance to compaction increases, the compactibility should

also increase. Therefore, reason would suggest that Fine 9 should have the highest

compactibility values because it is a 100 percent manufactured fine aggregate.

However, this is not the case. Fine 1 seems to have the highest compactibility values.
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Table 5.13: Average Compactibility Results for the Twelve Specimens Per Combination

Asphalt BinderlFine F/A Asphalt Binder/Fine F/A
Compactibility Compactibility

Combination Ratio Combination Ratio

0.3 6.93 0.3 6.44

ACIFI 0.4 7.24 AC2F4 0.4 6.55

0.5 7.22 0.5 6.31

0.3 7.05 0.3 6.93

AC2Fl 0.4 7.11 ACIF5 0.4 6.87

0.5 7.02 0.5 7.00

0.3 6.65 0.3 6.82

ACIF2 0.4 6.77 AC2F5 0.4 7.05

0.5 6.81 0.5 7.02

0.3 6.84 0.3 6.61

AC2F2 0.4 6.79 ACIF9 0.4 6.54

0.5 6.88 0.5 6.58

0.3 6.37 0.3 6.76

ACIF4 0.4 6.20 AC2F9 0.4 6.64

0.5 6.07 0.5 6.58





CHAPTER 6: ANALYSIS OF LABORATORY TESTING

6.1 Statistical Analysis Procedures

6.1.1 One-Way Analysis of Variance (ANOVA)

An analysis ofvariance (ANOVA) was used to detennine if significant

differences occurred between groups of data. This method was utilized for each of the

three main laboratory phases. Assumptions for the ANOVA consist of assuming that all

populations confonn to a nonnal distribution, all population variances are

approximately equal, and that all samples from the populations are independent (26).

The null hypothesis (Ho) for the ANOVA was that all population means were

equal, while the alternative hypothesis (HJ was that at least one population mean

differed significantly from the remaining means. In addition, the ANOVA procedure

allows interactions between these main effects to be analyzed.

The ANOVA separates the total variability of a population into two groups: the

variation between treatment groups (or treatment effects plus random variation) and the

variation within treatment groups (or random variation). Based on these two groups of

variation, a variance ratio is detennined. This ratio is called the F-ratio and is

detennined as follows (26):
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MST
F-ratio=-

MSE

MST = Variance Between Treatments; and

MSE = Variance Within Treatments.

Eq.: 6.1

The F-ratio is then compared to a critical F value, Fcrit. If the F-ratio exceeds Fent' the

means for a given population are said to be significantly different (reject He). This Fcrit

value is based on the number ofdegrees of freedom for the MST and MSE and the level

of significance selected for testing. All analyses performed during this project were

accomplished at a level of significance (a) of 0.05.

6.1.2 Student's t-Test

The Student's t-test is similar to the ANaVA in that it tests for significant

diL ,nces, however the Student's t-test is best suited to determine significant

differences between two sample populations. Assumptions for the Student's t-test

consist of the two sample populations are independent, the theoretical distribution of

sample means follows a normal distribution, and that the variances of the two

populations should be approximately equal (27).

The He for the Student's t-test was that both population means were equal, while

the Ha was that the two populations were significantly different. Again, the level of

significance utilized was 0.05.
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The Student's t-test procedure consists of calculating a tstat value from the

observed data. The tstat is calculated by the following equation (27):

(~El - ~e)

s,. (_1 + _1)
nEl ne

where:

III = mean of sample population No.1

Ilz = mean of sample population No.2

sp = pooled standard deviation of the two sample populations

n l = sample size for population No. 1

nz = sample size for population No.2

Eq.:6.2

The absolute value oftstat is then compared to a critical value oft, tcrit• Iftstat is greater

than tcrit then Ho is rejected and Ha is accepted. Tcrit is dependant on the degrees of

freedom and level of significance.

6.1.3 Duncan's Multiple Range Test

Duncan's multiple range test (DMRT) was chosen as the multiple comparison

test for this project. The DMRT is useful in comparing population means that are found

significantly different with the ANOVA by ranking the different population means to

show which are significantly different. Assumptions for the DMRT are identical to

those for the ANOVA; however, this test is based on the sampling distribution of the

range of sample means, not the variance of the sample means (26).
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The range of sample means for a given set of sample populations is compared to

a critical value based on the percentiles of the sampling distribution of the range. The

critical value (ra:p,f) is based on the number ofmeans being compared (p) and number

ofdegrees offreedom(f) at an Ct. Again, a level of significance of 0.05 was selected for

this procedure.

In the procedure, the sample population means are ranked in order from the

smallest to the largest and the range is tested. The range is considered to be significant

ifit exceeds the critical range. The critical range is calculated as follows (26):

where:

Critical Range
s- - * r :p,!vn It

Eq.: 6.3

s = standard deviation of sample populations

n = total number of observations

ra:p,f= critical value

Beginning with the smallest and largest sample population means in the ordered list, the

range between means are considered not significant if the range between the means does

not exceed the critical range. Ifnot significant, testing ceases. Ifthe range is

significant, the sample population means are declared not equal and assigned different

letters. Next, the range of two sets of (k-l) sample population means is tested for

significance, where k = the total number of sample populations being tested. Testing
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continues until eventually pairs of adjacent means are tested. Finally, sample

population means with differing letters are significantly different. Sample populations

with the same letter are not significantly different.

6.1.4 Grubb's Test For Outlying Observations

The statistical procedure used to determine outliers is called the "Grubbs Test

for Outlying Observations" (28). For a sample population, this procedure utilizes the

average and standard deviation to statistically identify outliers. The procedure

encompasses calculating aT-value as follows (28):

where:

x - x
T = i

s
Eq.: 6.4

x= Average value for a sample population

Xi = Value being tested as outlier

s = Standard deviation of sample population

The absolute value of this T-value is then compared to a critical value ofT (TcriJ. If the

T-value is greater than Terit• the observation Xi is said to be an outlier. This critical value

is dependant on the number of observations and the level of significance in testing. For

all analyses, the level of significance was selected as 0.05.
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6.2 Analysis of Laboratory Testing of Baghouse Fine Samples

One of the primary objectives ofthis research project was to evaluate the

variability in the physical properties of the baghouse fines obtained during the field

program. The two tests performed to measure the physical properties of the baghouse

fines were the particle size analysis using the Coulter LS200 PSA and the Modified

Rigden's Voids test.

Additionally, an analysis was performed to determine ifparticle size analyses

performed with both the Coulter LS200 and by mechanical means were statistically

similar.

6.2.1 Analysis of the Coulter LS200 Particle Size Analyzer Data

Large amounts ofdata were accumulated as a result of the particle size analyses

performed on the baghouse fine samples obtained during the field program. Recall that

data such as mean particle diameter, D IO particle diameter, coefficient ofuniformity,

percent clay-size particles, etc. were generated based on these particle size analyses. To

evaluate the variability in the particle sizes for the baghouse fines, the mean particle

diameter (MPD) data was selected for analysis because it represents an average particle

diameter within a baghouse fine sample.

The first step in the analysis of the MPD data was to develop frequency

distribution charts for each plant sampled. This procedure consisted ofdividing the data

for a given plant into classes (or ranges) of equal width. The number ofdata that fell

into each class was then counted. Based on the number ofdata within a given class and
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the total number of data for the plant, the percentage of data that fell into each class was

determined. This method of grouping was chosen because it readily illustrates the range

of the MPD. Figures 6.1 through 6.18 present the frequency distribution charts for each

of the 18 plants sampled.

An observation based on Figures 6.1 through 6.18 is that most of the plants

using primary collectors showed MPD data that followed a normal distribution. Figure

6.13 is a good example. This could be a result ofvariations in the coarser fractions

entering the dust collection system. If the primary collector captures these coarser

fractions, the MPD data for baghouse fines would not show these variations.

Next, Grubb's Test for outlying observations was used to determine ifoutlying

data existed for a given plant. Outliers indicate an individual data observation that is

not indicative of the overall pattern of the data. The significance of outliers is that they

indicate a test result is significantly different than a sample population. If a consistent

cause for outliers can be distinguished, the cause can be corrected.

Plants No.2, 5,6,8, 12, and 14 exhibited outliers in their data as illustrated on

their respective frequency distribution charts. Figure 6.2 shows that the outlier for Plant

No.2 represents a MPD of276.8 J.l.m. This point is obviously outside the overall

pattern of the data. Evaluation of the field sampling logs for this plant indicated a

possible reason why this observation is an outlier. The sample was obtained as the plant

started up in the morning. A sample obtained at start-up is dependent on whether:



119

Frequency Distribution for Mean Particle Diameter
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Figure 6.1: Frequency ofMPD Data For Plant No.1
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Figure 6.2: Frequency ofMPD Data For Plant No.2
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Frequency Distribution for Mean Particle Diameter
Plant No.3
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Figure 6.3: Frequency ofMPD Data For Plant No.3
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Figure 6.4: Frequency of MPD Data For Plant No.4
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Frequency Distribution for Mean Particle Diameter
Plant No.5
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Figure 6.5: Frequency ofMPD Data For Plant No.5
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Figure 6.6: Frequency of MPD Data For Plant No.6
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Figure 6.7: Frequency ofMPD Data For Plant No.7
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Figure 6.8: Frequency ofMPD Data For Plant No.8
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Frequency Distribution for Mean Particle Diameter
Plant No.9
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Figure 6.9: Frequency ofMPD Data For Plant No.9
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Figure 6.10: Frequency ofMPD Data For Plant No. 10
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Frequency Distribution for Mean Particle Diameter
Plant No. 11
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Figure 6.11: Frequency ofMPD Data For Plant No. 11
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Figure 6.12: Frequency of MPD Data For Plant No. 12
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Frequency Distribution for Mean Particle Diameter
Plant No. 13
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Figure 6.13: Frequency ofMPD Data For Plant No. 13
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Figure 6.14: Frequency of MPD Data For Plant No. 14
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Frequency Distribution for Mean Particle Diameter
Plant No. 15
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Figure 6.15: Frequency ofMPD Data For Plant No. 15
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Figure 6.16: Frequency ofMPD Data For Plant No. 16
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Frequency Distribution for Mean Particle Diameter
Plant No. 17
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Figure 6.17: Frequency of MPD Data For Plant No. 17
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Figure 6.18: Frequency ofMPD Data For Plant No. 18
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1) the baghouse was cleaned out after the previous day ofproduction;

2) the proper gradation was being sent through the plant (i.e., the gradation

going through the plant is coarser or finer than the actual production

gradation); and

3) asphalt was being injected into the drum. Plant No.2 was a drum mix

plant. If the asphalt binder was not being injected at the time the sample

was taken, the dust created in the drum could not adhere to larger

particles that were coated with asphalt and therefore all would be sent to

the dust collection system.

The data point that is an outlier for Plant No.5 represents a MPD of 85.5 Jlm.

As with Plant No.2, this sample was obtained during start up. Additionally, the field

sampling log indicated that a heavy rain fell the night before the sample was obtained.

The auger chute in which the sample was obtained had holes cut into the top to allow

the contractor to clean the auger chute. Because of the rain, water had entered through

these holes and had saturated the fines within the chute. This caused the fines to "stick"

together and form dust cakes. These dust cakes fell from the auger chute into the

sampling container. If these dust cakes were not completely broken up prior to the

particle size analysis, the results could be nonrepresentative of the actual particle sizes

within the baghouse fines. Either of these two reasons could explain why this sample

was an outlier; however, the sample being obtained at start up is probably the best

explanation.
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The data point that is an outlier for Plant No.6 represents a MPD of 108.2 Jlm.

Evaluation of the field sampling logs did not indicate a possible reason as to why this

sample is an outlier. However, several possibilities could have caused this sample and

other samples to be outliers:

1) The contractor could have been making adjustments to the gradation,

causing more coarse or fine aggregate in the gradation;

2) The sample could have been taken as the bags within the baghouse were

being pulsed, causing a nonrepresentative sample; and

3) The plant could have just increased or decreased the rate ofHMA

production causing an increase or decrease in the drum gas velocity.

The data points that are outliers for Plants No.8, 12, and 14 represent MPD's of

92.6,69.7, and 75.1 Jlm, respectively. Again, evaluation of the field sampling logs for

each plant did not indicate possible reasons as to why these samples are outliers. The

possibilities presented for Plant No.6 could have caused these outliers.

Based on these discussions on the different outliers, the outlying samples from

Plant No.2 and Plant No.5 were discarded from further analyses. The two reasons

given as to why each sample was an outlier illustrates that these samples are non

typical. However, the samples from Plants No.6, 8, 12 and 14 were not discarded from

further analyses. The reasons given as to why these samples were outliers are typical

operating procedures and therefore do not indicate non-typical samples.
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Next in the analyses of these data was to develop a chart that showed the

variations in MPD for each plant and between plants. This was accomplished by

detennining the average (x) and standard deviation (s) for the MPD data of each plant.

These properties were then used to develop a chart that shows the average plus or minus

two standard deviations (x±2s) for each plant (Figure 6.19). Plus or minus two standard

deviations was selected because 95 percent of the data should fall within this range.

This chart presents x as a horizontal black line. The vertical edges of the gray-shaded

boxes represent x+2s and x-2s. Also included on this figure is the configuration of the

dust collection system. The "Cyc+BH" indicates that a cyclone was used as a primary

collector and the baghouse was utilized as the secondary collector, the "KB+BH"

indicates that a lmockout box was used as the primary collector and the baghouse was

the secondary collector, and a "BH" indicates that the baghouse was the only fonn of

dust collection system.

Based on the figure, several observations can be made. First, the plants without

primary collectors generally exhibited more variation in the MPD than did the plants

with primary collectors. This statement is true for Plants No.3, 7, and 17. This is

indicated by the length of the gray-shaded boxes. Plants No.4, 12, and 18 also show

wide variations in the data but not to the extent ofPlants 3, 7, and 17. However, Plants

No. 10 and 11 do not show this wide variation. It is not known why these two plants

did not show the large variations in MPD data. However, Plant No. 10 did experience
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mechanical difficulties with the baghouse during sampling. The baghouse continued to

become clogged. The rotary air lock malfunctioned on numerous occasions.
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Figure 6.19: Average ± Two Standard Deviations Chart For Mean Particle
Diameter Data For All Plants

The plants with a primary collector did not show as much variation in the data.

This is probably due to most of the variation occuring in the coarser fraction of the

fines. If this is the case, the primary collectors would capture these particles. Recall

that at two plants the primary fines were sampled directly. These samples were also

tested with the Coulter LS200 particle size analyzer. To detennine ifmost of the
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variation in baghouse fines does occur in the coarser fraction of the fines, the MPD data

for the primary fines were evaluated in the same manner as the baghouse fines. An

average and standard deviation was detelTIlined for the data ofeach plant. Figure 6.20

presents an x±2s chart including both the baghouse fine and primary fine data for the

two plants sampled.

Average ± Two Standard Deviations
Mean Paricle Diameter Data For Primary and Baghouse
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Figure 6.20: Average ±Two Standard Deviations ofMPD Data For The Two Plants
Where Both Primary and Baghouse Fines Were Obtained

For Plant No.5, the largest amount of variation occurs in the primary fine data.

However, the baghouse fine data for Plant No.9 has the most variation. Referring back
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to Figure 6.9 (frequency diagram for Plant No.9), one data point is in the range of 110

to 115 Jlm and two data points are in the range of 125 to 130 Jlm. Even though these

were not determined as outliers, it appears that these three points do not follow the

overall pattern of the data. Evaluation ofthe field sampling logs indicates that two of

these three samples were obtained at start-up. Therefore, if these two samples had been

discarded, the variation in the baghouse fine data for Plant No.9 would be less. Hence,

the theory that most of the variation occurs in the coarser fines is probably correct.

6.2.1.1 Effect of Mixture Type

One ofthe factors that could cause the variations in mean particle diameter is the

type ofmixture being produced by the plant. If the exhaust gas stream picks up the

majority ofthe material finer than 0.075 Jlm, the properties ofthe baghouse fines could

change as the gradation of the aggregate becomes coarser or finer. To illustrate this

theory, ten plants were selected to statistically analyze if significant differences

occurred between the MPD data for different types ofmixtures within a plant. These

included Plants No.2, 5, 6, 7, 8, 10, 11, 13, 14, and 18. The remaining eight plants

were not analyzed because either only one type ofmixture was produced during

sampling or insufficient data existed for a plant. The minimum number ofobservations

for a sample population for this analysis was set at three observations.

The statistical procedure utilized was an ANOVA (Table 6.1). For this analysis,

Ho was that the average MPD data for the different mixtures were equal and the Ha was

that they were not equal. Ofthe ten plants analyzed, three showed significant
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differences occur in the MPD's for different types ofmixtures the Duncan's Multiple

Range Test (DMRT) was performed to rank the MPD data. Ranking was performed to

distinguish which types of mixtures produced the coarsest baghouse fines.

Table 6.1: Results of ANOVA on Mean Particle Diameter Data For Different Mixtures

Plant No. Different Mixtures Used F-value Fcri! Significant
Differences?

2 Type 3, Type 4 2.67 4.32 No

5 Type 4, Type lA 49.74 4.32 Yes

6 Type 4, Type 3, Type 1 4.06 3.49 Yes

7 Type 1, Binder 1.71 3.20 No

8 Type 3, Type 1, Binder, Black Base 0.57 3.06 No

10 Type lA, Type 1 (private) 30.16 4.30 Yes

11 Binder, Type 1 0.40 4.30 No

13 Type 3, Binder, Type 1, Type 4 1.42 3.13 No

14 Type lA, Black Base 0.22 4.75 No

18 Black Base, Type 3, Binder 2.29 3.74 No

Plant No.5 was one ofthe three plants with significant differences in the MPD

data due to mixture type. Two types ofmixtures were produced during sampling of the

baghouse fines, a Surface Type 4 and Surface Type lA. Based on the DMRT rankings

(Table 6.2), the average MPD data for the samples obtained for the Surface Type lA

mixture was significantly higher than for the Surface Type 4. The Surface Type lA is a

coarser mixture. It is a 19.0 nominal maximum aggregate size gradation compared to a

9.5 nominal maximum aggregate size gradation. The Surface Type lA also had a lower

percentage of material passing the 0.075 mm (No. 200) sieve (6.4 percent compared to
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7.1 percent). This might explain why the average MPD of the baghouse fines is

significantly higher for the Surface Type 1A than for the Surface Type 4.

Table 6.2: Average Mean Particle Diameter Results and Duncan's Ran
For Plant No.5

I Mixture I AverageMPD IDuncan's Ranking* I
Surface Type lA 31.6 A

Surface Type 4 20.2 B

*Means with the same letter are not significantly different

Plant No.6 also showed significant differences in MPD for different mixtures.

Four different mixtures were produced during sampling: a Surface Type 3, Surface

Type 4, Surface Type 1, and a Binder. Only one sample was obtained while the binder

course was being produced, therefore it was excluded from the statistical analysis.

Based on the DMRT rankings (Table 6.3), the MPD data for the samples obtained for

the Surface Type 4 and Surface Type 3 were significantly higher than for the Surface

Type 1.

For Plant No.6, the Surface Type 4 and Surface Type 3 mixtures used a 9.5 mm

nominal maximum aggregate size gradation and the Surface Type 1 used a 12.5 mm

nominal maximum aggregate size gradation. Both the Surface Type 3 and Surface Type

I had percent passing the 0.075 mm sieve of approximately 5.0 percent, while the

Surface Type 4 had almost six percent passing. Since the Surface Type 4 had the largest

average MPD, this is opposite the observation made for Plant No.5 where the coarser

mixture had the highest average MPD.
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Table 6.3: Average Mean Particle Diameter Results and Duncan's Ranking
For Plant No.6

I Mixture I Average MPD IDuncan's Ranking* I
Surface Type 4 77.5 A

Surface Type 3 72.7 A

Surface Type 1 60.0 B

*Means with the same letter are not significantly different

Plant No. 10 was the third plant that showed differences in MPD data for

different types ofmixtures produced: a Surface Type lA and a Surface Type 1. The

Surface Type 1 mixture was for private work. Based on the DMRT rankings (Table

6.4), the Surface Type lA produced significantly higher MPDs than did the Surface

Type 1. A copy of the job mix formula for the private Surface Type 1 mixture was not

obtained, therefore no observation can be made about the differences between the

mixtures.

Table 6.4: Average Mean Particle Diameter Results and Duncan's Ranking
For Plant No.lO

Mixture AverageMPD Duncan's Ranking*

Surface Type lA 30.0 A

Surface Type 1 (private) 22.6 B

*Means with the same letter are not significantly different

Since only three of the ten plants analyzed for differences in MPD data due to

the production of different types ofmixtures showed significant differences, a

conclusion can be drawn that variation in the MPD data caused by different types of
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mixtures is plant specific and obviously depends on differences in mixtures. Some

mixes may have minor differences and other mixes have major differences.

6.2.1.2 Effect of HMA Production

Another possible source of variation in the MPD data for a given plant is the rate

ofHMA production. Increases in the rate ofHMA production requires an increase in

the amount of aggregate entering the drum. As more aggregate enters the drum, more

heat is required to dry the aggregate. Therefore, the flame within the drum must be

incr~ased. This is accomplished by increasing the amount of air driving the flame

wit1-l in the drum. Thus, there is an increase in drum gas velocity (29).

Recall that as the drum gas velocity increases, larger particles can be picked up

into the exhaust gas stream. This concept has to do with the terminal velocity for a

particular size of particle. In addition, a larger percentage of the finer particles can also

enter the exhaust gas stream. Hence, the properties of the baghouse fines can change

with an increase or decrease in the drum gas velocity.

To determine if the mean particle data for a given plant showed significant

differences with changes in the rate ofHMA production, the data for eleven plants was

analyzed statistically. These plants included Plants No.5, 6, 7,8, 10, 11, 12, 14, 15, 16,

and 17. The remaining seven plants were not analyzed because of insufficient data. For

this analysis, a minimum sample population for a given rate ofHMA production was set

at three observations. For this analysis, Ho was that the average MPD data for the

different rates ofHMA production were equal and the Ha was that at least one differed.



138

Of the eleven plants, none showed significant differences in the MPD data for

different rates ofHMA production. Table 6.5 presents the results of the ANOVA for

each of the eleven plants. Based on these results, an increase in drum gas velocity

associated with an increase in the rate ofHMA production does not significantly affect

the MPD for baghouse fines within the ranges observed in South Carolina.

Other causes of variability in the drum gas velocity include: changes in the

position of the damper, changes in the pressure drop through the baghouse, and leaks in

the duct-work or primary collector (4). However, these properties could not be analyzed

because they could not be determined and were therefore not measured.

Table 6.5: Results of ANOVA on Mean Particle Diameter Data For Different Rates ofHMA
Production

Plant No. Different Production Rates Used F-value Fenl Significant
(tons per hour) Differences?

5 150,175,200 0.38 3.55 No

6 135,140,150,200 0.97 3.71 No

7 130, 150, 160, 195 1.17 3.41 No

8 130,140 0.00 4.67 No

10 240,250 2.96 3.74 No

11 110, 115, 120 0.74 3.59 No

12 275,300 1.78 4.84 No

14 140, 150, 160 2.46 4.46 No

15 175,200 0.26 4.75 No

16 245,250 1.15 5.12 No

17 200,225 1.35 5.59 No
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6.2.1.3 Effect of Different Equipment

During the two years of field sampling baghouses in South Carolina, two

contractors bought new plants. For both contractors, baghouse fines were sampled from

the original plants as well as the new plants. In each case the old plant was dismantled

and replaced with a new plant. Since it has been shown that the type ofHMA mixture

does not consistently affect the MPD data for a given plant, a Student's t-Test was

performed to determine if the change in plant equipment led to significant differences

in the MPD data. For this analysis, the Ho was that the average MPD was equal

between the two types ofplants and the Ha was that they were significantly different.

Based on the plant numbering system utilized, Plants No.6 and 9 and Plants No. 11 and

12 were the same contractor at the same location and using the same aggregates, the

only difference being plant equipment.

In the case ofPlants No.6 and 9, Plant No.6 constitutes the old plant and Plant

No.9 was the new plant. The old plant was a batch plant with a dust collection system

consisting of only a baghouse. Sampling at the old plant consisted of obtaining samples

from an auger chute leading from the baghouse to the hot elevator. The new drum

plant had both a primary collector (cyclone) and a baghouse as the dust collection

system. The configuration for the new plant was such that the primary fines and

baghouse fines were combined and then sent to the drum. Therefore, this analysis

consisted of comparing the baghouse fines from the old plant to the combined sample of

primary and baghouse fines from the new plant. This should constitute similar sample
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populations. Results of this analysis showed that significant differences occurred in the

MPD data between the two plants (tSlat = -19.44 and terit = 2.02). Figure 6.21 illustrates

the differences in the average MPD data between Plant No.6 and Plant No.9.

In the case ofPlants No. 11 and 12, Plant No. 11 constitutes the old plant and

Plant No. 12 was the new plant. In each case, both plants were drum plants with a

baghouse as the only fonn ofdust collection. Results of this analysis again showed

differences in the MPD data between the two plants (islat =-9.84 and tcrit =2.02). Figure

6.22 illustrates these differences between Plant No. 11 and Plant No. 12.
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Based on these two analysis, the MPD data were again plant specific. In each

case, two different types ofHMA producing facilities were located on the same plant

site and using the same types of aggregate, but showed significant differences in MPD

data. Interestingly though, in both cases the new MPD data for the new plant was

higher. A probable explanation for this is that the newer plants would have more

efficient air flows through the plant and would therefore pick up larger sized particles to

be carried to the baghouse.

Differences in Average Mean Particle Diameter For
Plants No. 11 and 12
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6.2.2 Analysis of Modified Rigden Voids Test Data

Again, large amounts of data were accumulated as a result of the Modified

Rigden's Voids (MRV) test performed on the samples obtained during field sampling.

Results of this test include the percent voids within a dry compacted dust, percent bulk

volume of the dry compacted dust, and the percent free asphalt in a dry compacted dust.

Since, the percent bulk volume and percent free asphalt require a given dust-to-asphalt

ratio for calculation, analysis was limited to the percent voids in a dry compacted dust.

As in the analysis of the mean particle diameter data, the first step in this

analysis was to develop frequency distribution charts for each of the 18 plants sampled.

Figures 6.23 through 6.40 present these charts for each of the 18 plants. Because of the

relatively small range ofMRV data (as compared to the MPD data), the x-axis for each

of these charts is identical.

Next, Grubb's test for outlying observations was used to determine if outlying

data existed for each plant. Plants No.2, 7, and 17 exhibited outliers in their data.

These outliers are illustrated on their respective frequency distribution charts. In each

case, the evaluation of the field sampling logs did not indicate why these observations

are outliers and therefore were not discarded.
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Frequency Distribution Chart For Modified Rigden's Voids-
Plant No.1
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Figure 6.23: Frequency ofMRV Data For Plant No.1
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Figure 6.24: Frequency of MRV Data For Plant No.2



20.0

30.0

144

Frequency Distribution Chart For Modified Rigden's
Voids - Plant No.3
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Figure 6.25: Frequency ofMRV Data For Plant No.3
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Figure 6.26: Frequency ofMRV Data For Plant No.4
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Frequency Distribution Chart For Modified Rigden's
Voids - Plant No.5
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Figure 6.27: Frequency of MRV Data For Plant No.5
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Frequency Distribution Chart For Modified Rigden's Voids
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Figure 6.29: Frequency of MRV Data For Plant No.7
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Figure 6.30: Frequency ofMRV Data For Plant No.8
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Frequency Distribution Chart For Modified Rigden's
Voids - Plant No.960.0.,... .....,
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Figure 6.31: Frequency ofMRV Data For Plant No.9
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Figure 6.32: Frequency ofMRV Data For Plant No. 10
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Frequency Distribution Chart For Modified Rigden's
Voids - Plant No. 11
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Figure 6.33: Frequency ofMRV Data For Plant No. 11

Frequency Distribution Chart For Modified Rigden's Voids
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Figure 6.34: Frequency ofMRV Data For Plant No. 12
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Frequency Distribution Chart For Modified Rigden's Voids
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Frequency Distribution Chart For Modified Rigden's
Voids - Plant No. 15
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Figure 6.37: Frequency ofMRV Data For Plant No. 15
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Frequency Distribution Chart For Modified Rigden's Voids -
Plant No. 17
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Figure 6.39: Frequency of MRV Data For Plant No. 17
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After observing Figures 6.23 through 6.40, it is obvious that there is less

variation in the MRV data than the MPD data. This may be because of the test

procedure. Recall from Chapter 3 that to perform this test, the sample is first shaken

over a 0.075 mm (No. 200) sieve.

The next step in the analysis of the MRV data was to develop a chart that

showed variations in MRV data within a single plant and between plants. This was

again accomplished by developing a chart that shows the x±2s for each plant (Figure

6.41); x is shown as a horizontal black line.

After evaluating Figure 6.41, the question arose as to whether significant

differences existed in the MRV data between plants. Therefore, an ANDVA test was

performed. For this analysis, Ho was that the MRV data for each plant was equal and Ha

was that they were significantly different. Results of the ANDVA showed significant

differences existed in the MRV data between plants (F-value=69.87 and Fcrit=1.67).

Next, a DMRT ranking was performed to determine which plants produced the highest

MRV data (Table 6.6).
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Figure 6.41: Average:l: Two Standard Deviations Chart For MRV Data

Based on these rankings, it appears that the configuration of the dust collection

system affected the MRV values for the baghouse fines. Therefore an additional

ANOVA was used to evaluate this observation. For this analysis, Ho was that the MRV

data was equal between dust collection systems and Ha was that they significantly

differed. Results of the ANOVA showed significant differences in the MRV data

occurred between dust collection systems (F-value=16.62 and Fcrit=3.00). A DMRT

ranking (Table 6.7) showed plants which utilized primary collectors yielded MRV data

that was significantly higher than plants without a primary collector. However, the type

ofprimary collector did not affect the MRV data.
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Table 6.6: DMRT Rankings of Different Plants With MRV Data

Plant No. Dust Collection System Average MRV Duncan's Ranking'"

5 Cyclone+ Baghouse 60.1 A

16 Cyclone + Baghouse 56.5 B

2 Cyclone + Baghouse 54.4 C

6 Knockout Box + Baghouse 53.0 CD

17 Baghouse 52.5 D

1 Cyclone + Baghouse 52.3 D

15 Knockout Box + Baghouse 51.9 DE

11 Baghouse 51.4 DEF

4 Baghouse 50.5 EF

8 Knockout Box + Baghouse 50.0 FG

18 Baghouse 48.6 GH

10 Baghouse 47.9 H

3 Baghouse 47.7 H

14 Knockout Box + Baghouse 47.3 H

13 Cyclone + Baghouse 44.9 I

7 Baghouse 44.7 I

9 Cyclone + Baghouse 43.0 J

12 Baghouse 42.9 J

'" Averages with the same letter are not significantly different
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Table 6.7: Results ofDMRT Ranking for Differing Dust Collection Systems With MRV Data

Dust Collection System Average MRV Duncan's Ranking*

Cyc+BH 51.7 A

KB+BH 50.8 A

BH 48.3 B

* Averages with the same letter are not significantly different

6.2.2.1 Effect of Mixture Type

A factor that could cause variation in the MRV data for a given plant is the type

HMA mixture being produced. To detennine if changes in the type HMA mixture

affects the MRV data, ten plants (plants No.2, 5, 6, 7, 8, 10, 11, 13, 14, and 18) were

selected to statistically analyze (ANOVA) if significant differences occurred between

the MRV data for different types ofHMA mixtures. The remaining eight plants were

not analyzed because either only one type of mixture was produced during sampling or

insufficient data existed for a plant. A minimum number of observations for a sample

population was set at three.

For this analysis, Ha was that the MRV data for different mixtures were equal

and the Ha was that they were not equal. Ofthe ten plants analyzed, only two (plants

No.6 and 8) showed significant differences in the MRV data for different mixtures

(Table 6.8). Since only two of the ten plants showed significant differences, the affect

ofchanging the type ofHMA mixtures on the MRV data was plant specific. Recall

that this was the same conclusion reached for different type HMA mixtures and the

MPD data. If the same plants that had shown significant differences for the MPD data
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had shown significant differences in the MRV data, a possible conclusion could be that

the plant's equipment played a role in these differences. However, Plant No.6 was the

only plant that shows significant differences for both the MRV and MPD data.

Therefore this conclusion can not be made.

Table 6.8: Results of ANOVA on MRV Data For Different Mixtures

Plant No. Different Mixtures Used F-value Fcril Significant
Differences?

2 Type 3, Type 4 0.09 4.32 No

5 Type 4, Type lA 0.10 4.32 No

6 Type 4, Type 3, Type 1 16.62 3.49 Yes

7 Type 1, Binder 3.71 3.74 No

8 Type 3, Type 1, Binder, Black Base 6.29 3.63 Yes

10 Type lA, Type 1 (private) 2.20 4.32 No

11 Binder, Type 1 3.01 4.30 No

13 Type 3, Binder, Type 1, Type 4 1.09 3.55 No

14 Type lA, Black Base 0.35 3.81 No

18 Black Base, Type 3, Binder 3.33 4.84 No

6.2.2.2 Effect of HMA Production

Another source ofvariation in the MRV data for a given plant is the rate of

HMA production. To determine if the MRV data for a given plant showed significant

differences with changes in the rate ofHMA production, the data from twelve plants

(plants No.5, 6, 7, 8, 9, 10, 11, 12, 14, 15, 16, and 17) was analyzed. The remaining

seven plants were not analyzed because insufficient data existed. For this analysis, a
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minimum sample population for a given rate ofproduction was set at three observations.

Also for this analysis, Ho was that the MRV data for different rates ofHMA production

were equal and the Ha was that at least one differed.

Of the twelve plants analyzed, only one plant, Plant No.6, showed significant

differences in the MRV data for different rates ofHMA production (Table 6.9). This

leads to the conclusion that differences in MRV data as a result ofdifferent rates of

HMA production is plant specific. It should be noted though that for some of the plants

the rates ofproduction are not significantly different.

Table 6.9: Results of ANOVA on MRV Data For Different Rates ofRMA Production

Plant No. Different Production Rates Used F-value Fenl Significant
(tons per hour) Differences?

5 150,175,200 0.71 3.55 No

6 135,140,150,200 8.01 3.71 Yes

7 130, 150, 160, 195 2.12 3.41 No

8 130,140 0.09 4.60 No

9 215,320 0.43 7.71 No

10 240,250 0.30 4.84 No

11 110, 115, 120 0.45 3.59 No

12 275,300 3.29 4.96 No

14 140, 150, 160 0.81 4.26 No

15 175,200 0.81 4.84 No

16 245,250 1.63 5.12 No

17 200,225 1.77 5.59 No
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6.2.2.3 Effect of Different Equipment

Recall that two contractors bought new plants during the field sampling (plants

No.6 and 9 and Plants No. 11 and 12). For these plants, the mean particle diameter data

was plant specific for two different types of equipment using the same types of

aggregates, therefore the same type analysis was perfonned to detennine if the MRV

data also showed these significant differences. Again, a Student's t-test was used to

draw this conclusion.

Significant differences between Plants No.6 and 9 when utilizing the MRV data

(tstat = 11.30 and tcrit =2.02) also occurred. Again, the combined samples obtained from

Plant No.9 were utilized to provide similar populations. Results of the analysis on

Plants No. 11 and 12 also showed these differences (fmt = 9.96 and tent =2.02). Based on

these results and the previous analysis of the MPD data, the physical properties of

baghouse fines (as detennined by MPD and MRV) seem to be plant specific.

6.2.3 Mechanical Analysis of Baghouse Fines

Since the output from the Coulter LS200 PSA is not a standard particle size

distribution (percentage by mass), samples were tested with the Coulter LS200 and by

mechanical means to determine if both yielded similar results. Ten samples were

randomly selected and the particle size distribution was determined (three replicates) by

both methods. The analysis of this data consisted of determining if these two methods of

particle size analyses are comparable.
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First, an ANOVA was performed to see if significant differences occurred

between the two methods using all data. No significant differences were found (F-value

=0.01 and Ferit =4.08). Next, another ANOVA (Table 6.10) was performed to

determine if significant differences occurred between the two methods for individual

samples. This was accomplished by comparing the results for the percent passing each

ofthe four particle sizes (2000 Jlm, 420 Jlm, 75 Jlm, and 2 Jlm). The F-values in Table

6.10 show that were both methods yielded the same results.

Table 6.10: Results of Analyses Between Coulter LS200 and Mechanical Particle Size
Distributions

F-value and Significant Difference? (Fcrit = 7.71)
Sample No.

2000 Jlrn 420 Jlrn 75 Jlrn 2 Jlrn

1 0.0, No 35.0, Yes 35.8, Yes 570.4, Yes

2 0.0, No 2.3, No 6.76, No 315.1, Yes

3 0.0, No 1.0, No 16.5, Yes 3.83, No

4 0.0, No 1.92, No 96.8, Yes 3.14, No

5 0.0, No 16.0, Yes 0.5,No 154.0, Yes

6 0.0, No 16.0, Yes 3.6, No 21.3, Yes

7 0.0, No 104.9, Yes 63.2,No 2645.0, Yes

8 0.0, No 0.0, No 0.0, No 58.47, Yes

9 0.0, No 85.0, Yes O.O,No 189.4, Yes

10 0.0, No 2.9,No 0.2, No 1.38, No

As can be seen from Table 6.10, no significant differences occurred in the

percent passing 2000 Jlm data; however, each of the other three particle sizes showed
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significant differences. Figures 6.42, 6.43, and 6.44 illustrates the differences between

the Coulter LS200 and mechanical particle size data for the percent passing 420 /.lm, 75

/.lID, and 2 /.lm, respectively.

Based on these figures, the Coulter LS200 and mechanical particle size analysis

usually provide similar numbers. For some samples, the mechanical method yields

lower values ofpercent passing and for other samples the mechanical method yields

higher values ofpercent passing.

Difference Between Coulter LS200 and Mechanical Particle
Size Analysis (passing 420 IlID)
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Figure 6.42: Differences Between Coulter LS200 and Mechanical
Particle Size Analyses at 420 Jim
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Difference Between Coulter LS200 and Mechanical Particle
Size Analysis (Passing 75 Jl m)
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Figure 6.43: Differences Between Coulter LS200 and Mechanical
Particle Size Analyses at 7S ....m

Difference Between Coulter LS200 and Mechanical Particle
Size Analysis (passing 2 J.1m)

30.0

25.0

~0...
c 20.0";;
'"II
II....

15.0........
II...
DIl 10.0II....
<

5.0

0.0

2 3 4 6

Sample Number

I_ Mechani:aI _ Couler LS200 1

9 10

Figure 6.44: Differences Between Coulter LS200 and Mechanical
Particle Size Analyses at 2 ....m



162

6.3 Analysis of Mortar Testing

Statistical analysis ofthe data obtained during the mortar evaluation phase

consisted ofperfonning an ANOVA to detennine ifthere were significant differences in

the results for the laboratory tests. Three main effects were analyzed using the

ANOVA: asphalt binders, baghouse fine combined samples (pine), and fine-to-asphalt

(PIA) ratios. The ANOVA procedure allows interactions between these main effects to

be analyzed. The Ho was that all population means were equal, while Ha was that at

least one population mean differed significantly from the remaining means.

Remember that mortar testing perfonned on the original mortars before aging

was accomplished based on a completely randomized statistical design. Also, testing of

the mortars in the TFOT and PAV aged conditions was accomplished based on a one

half fractional factorial statistical design. The procedure for detennining significant

differences between population means for the one-half fractional factorial design was

also accomplished using the ANOVA procedure. However, as noted in Chapter 4, the

one-half fractional factorial loses degrees of freedom because of the nature of the

design.

6.3.1 Analysis of Softening Point Temperature Data

Table 6.11 presents the results of the ANOVA perfonned on the results of the

softening point temperature test. This table shows significant differences between each

ofthe three main effects (asphalt binder, Fine, and FIA ratio) and all interactions.

Because of the significant differences between each of the main effects and all



163

interactions, further unalysis using the results of this test was completed using all data

points. Trends between the results of the softening point temperature testing and results

from other tests were analyzed.

Table 6.11: Results of ANOVA for Softening Point Temperature Testing

Source of Variation F-ratio Forit Significant Difference?

Asphalt Binder 132.74 3.92 Yes

Fine 1074.87 1.90 Yes

F/A Ratio 3105.25 2.77 Yes

Asphalt Binder*Fine 44.04 1.90 Yes

Asphalt Binder*F/A Ratio 7.84 2.77 Yes

Fine*F/A Ratio 193.87 1.58 Yes

Asphalt Binder*Fine*F/A Ratio 8.74 1.58 Yes

One of the methods described in the literature review for determining the

stiffening effect of the baghouse fines on asphalt binders was to evaluate the change in

softening point temperature. This value is calculated by subtracting the softening point

temperature for the neat asphalt binder from the softening point temperature of the

mortar (~SP).

Two properties of the baghouse fines that showed good correlation with the ~SP

results were the percent bulk volume (Figure 6.45) and percent free asphalt (Figure

6.46) in a compacted fine (R2 =0.91 and 0.91, respectively). Based on the correlation

values for these two properties, percent bulk volume or percent free asphalt can be used

to characterize a fine's potential for stiffening an asphalt binder as measured by the
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softening point test. These close correlation values are as expected. Recall from

Chapter 4 that percent bulk volume and percent free asphalt are related in that they sum

to 100 percent.

Results from the particle size analysis did not correlate well with the t.SP data.

Table 6.12 presents the correlation coefficients for the t.SP data when compared to the

different properties determined during the particle size analysis. Because the particle

size data was obtained for the actual fines and can not be related to a given FIA ratio,

the table shows the correlation coefficients for each FIA ratio. Both asphalt binders

were included for these comparisons.

Ii. in Softening Point Temperature vs. Percent Bulk Volume
of The Compacted Fines
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Figure 6.45: Relationship Between Change in Softening Point Temperature and
Percent Bulk Volume of the Compacted Fines
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in Softening Point Temperature vs. Percent Free Asphalt
in a Compacted Fine
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Figure 6.46: Relationship Between Change in Softening Point Temperature and
Percent Free Asphalt of the Compacted Fines

Table 6.12: Correlation Coefficients for Relationships Between
Particle Size Data and ~.sP

Particle Size Distribution Property F/ARatio Correlation Coefficient (R2
)

0.2 0.08

0.3 0.15
Mean Particle Size, microns

0.4 0.15

0.5 0.12

0.2 0.06

0.3 0.09
0 10, microns

0.4 0.07

0.5 0.04
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Table 6.12: Correlation Coefficients for Relationships Between
Particle Size Data and t.SP

Particle Size Distribution Property F/A Ratio Correlation Coefficient (R2
)

0.2 0.11

0.3 0.09
Coefficient ofUniforrnity

0.4 0.04

0.5 0.03

0.2 0.20

0.3 0.21
Percent Clay-Size Particles

0.4 0.11

0.5 0.11

0.2 0.11

0.3 0.18
Fineness Modulus

0.4 0.09

0.5 0.12

0.2 0.20

0.3 0.22
Specific Surface Area, cm2/ml

0.4 0.14

0.5 0.14

6.3.2 Analysis of Brookfield Viscosity Testing at 135°C

Table 6.13 presents the results of the ANaVA perfonned on the results of the

Brookfield viscosity measurements at 135°e. This table shows significant differences

between each of the three main effects and all interactions.

As mentioned in the literature review another method ofdetennining the

stiffening effect ofbaghouse fines on asphalt binders was by calculating a stiffening
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ratio. The stiffening ratio was defined as the viscosity of a mortar divided by the

viscosity of the neat asphalt binder. Ifbaghouse fines stiffen the asphalt binder, the

viscosity of the mortar should be higher than the viscosity of the neat asphalt binder.

Hence, the stiffening ratio (SR135) should increase if the baghouse fines stiffen the

asphalt cement.

Table 6.13: Results of ANOVA for Brookfield Viscosity
Measurements at 135°C

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 160.33 3.92 Yes

Fine 571.66 1.90 Yes

F/ARatio 1241.91 2.77 Yes

Asphalt Binder*Fine 70.49 1.90 Yes

Asphalt Binder*F/A Ratio 214.65 2.77 Yes

Fine*F/A Ratio 449.41 1.58 Yes

Asphalt Binder*Fine*F/A Ratio 14.04 1.58 Yes

As with the softening point temperature results, both percent bulk volume

(Figure 6.47) and percent free asphalt (Figure 6.48) show good correlations with the

SR135 data (R2=O.91 and R~O.91, respectively). Based on the correlation values for

these two properties, either the percent bulk volume or percent free asphalt can be used

to characterize a baghouse fine's potential for stiffening an asphalt binder as measured

by the Brookfield viscometer at 135 °e.
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Figure 6.49 shows that there is also a good correlation between the ~SP and

SR135 data. This figure shows that as the SR135 for a mortar increases, so does the

~SP. Therefore, both of these tests similarly indicate a mortar's stiffness.

Stiffening Ratio (BV at 135 C) vs. Percent Bulk Volume of
The Compacted Fines
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Figure 6.47: Relationship Between Stiffening Ratio and Percent
Bulk Volume of the Compacted Fines

As with the ~SP, there was little correlation between the SR135 data and the

various properties determined during the particle size analyses (Table 6.14).
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Stiffening Ratio (BV at 135 C) vs. Percent Free Asphalt in
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Figure 6.48: Relationship Between Stiffening Ratio and Percent Free
Asphalt of the Compacted Fines

6.3.3 Analysis of Brookfield Viscosity Testing at 175°C

Table 6.15 presents the results of the ANOVA perfonned on the results of the

Brookfield viscosity measurements at 175°C. This table shows significant differences

between each ofthe three main effects and for all interactions.

Results from the Brookfield viscosity measurements at 175 °e were also used to

detennine stiffening ratios (SRI 75). Similar to the SR135, the SR175 values showed a

good correlation with percent bulk volume and percent free asphalt (R2 = 0.91 and 0.91,

respectively).
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Table 6.14: Correlation Coefficients Relationships Between
Particle Size Data and SR135 (BV at 135°C)

Particle Size Distribution Property F/A Ratio Correlation Coefficient (R2
)

0.2 0.25

0.3 0.18
Mean Particle Size, microns

0.4 0.18

0.5 0.24

0.2 0.12

0.3 0.08
D10' microns

0.4 0.08

0.5 0.14

0.2 0.04

0.3 0.03
Coefficient ofUniforrnity

0.4 0.03

0.5 0.04

0.2 0.17

0.3 0.11
Percent Clay-Size Particles

0.4 0.07

0.5 0.14

0.2 0.20

0.3 0.14
Fineness Modulus

0.4 0.14

0.5 0.21

0.2 0.20

0.3 0.14
Specific Surface Area, cm2/ml

0.4 0.09

0.5 0.10
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Table 6.15: Results of ANOVA for Brookfield Viscosity Measurements
At 175 C

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 160.33 3.92 Yes

Fine 571.66 1.90 Yes

F/A Ratio 124.91 2.77 Yes

Asphalt Binder*Fine 70.49 1.90 Yes

Asphalt Binder*F/A Ratio 214.65 2.77 Yes

Fine*F/A Ratio 449.41 1.58 Yes

Asphalt Binder*Fine*F/A Ratio 14.04 1.58 Yes

A in Softening Point Temperature Vs. Stiffening Ratio
(BVat 135 C)

SR = 0.0956(Aspi - 1.7446(ASP) + 12.263

R2 =0.9587
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Figure 6.49: Relationship Between Change in Softening Point Temperature and
Stiffening Ratio Based on BV at 135 C
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However, the relationship between the SR135 values and the SR175 values were

not linear (Figure 6.50), the data points tend to be above the Line of Equality. This

would indicate that the stiffening ratios detennined at 135°C are larger for a given

asphalt binder, FIA ratio, and Fine combination. This can be explained in that when

testing at the higher test temperature (175 DC), the Fines may be settling in the less

viscous mortar. Therefore, stiffening ratios detennined at 135°C may give a better

indication of the stiffness ofthe mortar.

Because of the strong relationship between the SRl75 detennined at 175°C and

the SR135 detennined at 135°C, an analysis between the SR175 and the different Fine's

particle size data was not perfonned.

Stiffening Ratio (BV at 175 C) vs. StiffeningRatio
(BVat 135 C)
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Figure 6.50: Relationship Between Stiffening Ratios Determined
at 135°e and 175°e
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6.3.4 Analysis of Dynamic Shear Rheometer Testing at 64°C on Original,
Unaged Mortars

Tables 6.16 and 6.17 present the results of the ANOVA performed on the

complex shear modulus (G*) and the phase angle (0) data obtained during testing with

the dynamic shear rheometer (DSR) at 64°e, respectively. Both G* and 0 are distinct

properties determined by the DSR, therefore separate analyses were performed on these

data. Table 6.16 shows significant differences for each of the main effects and all

interactions for G*. Table 6.17 shows that while each of the main effects are

significantly different for 0, only the Asphalt Binder*Fine and Asphalt

Binder*Fine*F/A ratio interactions are significantly different. The Fine*F/A ratio

interaction is not significantly different.

Table 6.16: Results of ANOVA for G* as Determined By DSR Testing
on the Original, Unaged Mortars

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 72.19 3.92 Yes

Fine 88.23 1.90 Yes

F/A Ratio 936.29 2.77 Yes

Asphalt Binder*Fine 11.97 1.90 Yes

Asphalt Binder*F/A Ratio 11.26 2.77 Yes

Fine*F/A Ratio 9.60 1.58 Yes

Asphalt Binder*Fine*F/A Ratio 5.78 1.58 Yes
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Table 6.17: Results of ANOVA for 0 as Determined By DSR Testing
on the Original, Unaged Mortars

Source of Variation F-ratio Fcri! Significant Difference?

Asphalt Binder 615.89 3.92 Yes

Fine 17.23 1.90 Yes

F/A Ratio 18.39 2.77 Yes

Asphalt Binder*Fine 11.37 1.90 Yes

Asphalt Binder*F/A Ratio 0.37 2.77 No

Fine*F/A Ratio 8.82 1.58 Yes

Asphalt Binder*Fine*F/A Ratio 6.52 1.58 Yes

Because G* reflects a materials' stiffness, it is not surprising that it is a good

indicator of a mortar's stiffness. Since previous results showed that ~SP and SR135

were also good indicators of changes in mortar stiffness, there should be a good

relationship between all three parameters. Figure 6.51 confirms this hypothesis by

showing that as the ~SP increases, so does G* (R2 = 0.76).

As with the ~SP and SR135, G* data is also well correlated with percent bulk

volume and percent free asphalt (Figures 6.52 and 6.53, respectively).

Relationships with the particle size data were not explored because of the strong

relationship G* had with ~SP and SR135.
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Original G* Vs. Change in Softening Point Temperatures
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Figure 6.51: Relationship Between ASP and G*

Original G* Vs. Percent Bulk Volume of a Compacted Fine
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Figure 6.52: Relationship Between Percent Bulk Volume and G*
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Original G* Vs. Percent Free Asphalt in a Compacted Fine
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Figure 6.53: Relationship Between Percent Free Asphalt and G*

The DSR has been adopted by Superpave as an asphalt binder characterization

test. Researchers for SHRP adopted a factor called "G-star over Sine Delta"

(G*/Sin(o)) as a perfonnance related property. Previously it was shown that G* can be

used as an indicator ofa baghouse fine's stiffening effect on an asphalt binder. Even

though 0 is not an indicator of stiffening, it is a property detennined during DSR

testing. Therefore, the factor G*/Sin(o) was compared to both ~SP and SR135 to

determine if it could be used as an indicator of a baghouse fine's potential for stiffening

an asphalt binder. The correlation values were very similar for both ~SP and SR135 (R2

= 0.76 and 0.79, respectively). Therefore, G*/Sin(o) can also be used as an indicator of

stiffening. Because of the high correlation values, G*/Sin(o) was also compared to

percent bulk volume (R2 = 0.84) and percent free asphalt (R2=0.84). Based on these
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relationships, percent bulk volume and percent free asphalt can be used to characterize a

baghouse fine's potential for stiffening an asphalt binder as measured by G*/Sin(o) on

an original, unaged mortar.

6.3.5 Analysis of Dynamic Shear Rheometer Testing at 64 D C on TFOT Aged
Mortars

Tables 6.18 and 6.19 present the results of the ANOVA perfonned on the G*

and 0 data obtained during testing with the DSR at 64 DC on TFOT aged mortars. Table

6.18 shows significant differences in G* for each of the main effects and all

interactions. Table 6.19 shows significant differences in 0 between each of the main

effects but only the Asphalt Binder*Fine and Fine*F/A Ratio interactions. Further

analysis of these data was accomplished to detennine if the baghouse fines affect the

aging characteristics of the asphalt binders and to detennine if the baghouse fines affect

the rutting susceptibility (as shown by G*/Sin(o)) of the asphalt binder.

As mentioned in Chapter 4, asphalt binders age due to two mechanisms:

volitization of light oils and oxidation. These aging mechanisms tend to stiffen an

asphalt binder. When testing an asphalt binder in the original, unaged condition and

then testing the same binder in the TFOT condition, the stiffening of the binder is

evident. The two neat asphalt binders used for this project showed this stiffening.

When comparing G* and 0 as detennined on the neat binders in the TFOT aged

condition to the unaged condition, G* increased and 0 decreased for both.
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Table 6.18: Results of ANOVA for G* As Determined By DSR Testing
on the TFOT Aged Mortars

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 126.71 4.00 Yes

Fine 23.66 2.10 Yes

F/A Ratio 795.87 3.15 Yes

Asphalt Binder*Fine 11.88 2.10 Yes

Asphalt Binder*F/A Ratio 21.82 2.76 Yes

Fine*F/A Ratio 12.68 2.10 Yes

Asphalt Binder*Fine*F/A Ratio 8.79 2.10 Yes

Table 6.19: Results of ANOVA for 0 as Determined By DSR Testing
on the TFOT Aged Mortars

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 130.35 4.00 Yes

Fine 6.73 2.10 Yes

F/A Ratio 6.51 3.15 Yes

Asphalt Binder*Fine 2.62 2.10 Yes

Asphalt Binder*F/A Ratio 0.83 2.76 No

Fine*F/A Ratio 3.99 2.10 Yes

Asphalt Binder*Fine*F/A Ratio 1.57 2.10 No

In order to determine if the different baghouse fines affect the aging

characteristics of the asphalt binders, 5 was examined. This material property was

selected because it defines the ratio of the viscous and elastic properties of a mortar. In

order to determine if the fines affected the asphalt binders, a 5-ratio was developed.

This ratio was calculated as 5 for a TFOT aged mortar divided by 5 for the same mortar
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in an unaged condition. The o-ratio was calculated for both neat asphalt binders and the

average for each of the ten mortars. The average a-ratio value includes the four F/A

ratios.

Figure 6.54 presents the a-ratios for each of the mortars and for both neat asphalt

binders. This figure has been divided into two sections to illustrate the effects of aging

on a for both asphalt binders. Both sections contain a solid horizontal line that

represents the a-ratios for both neat asphalt binders. If the different mortars do not

affect the aging characteristics of the two asphalt binders, the different a-ratios should

fall along these solid lines. It can be seen from the figure that for both asphalt binders,

the a-ratios do fall along these two solid lines. Some variation does occur along these

lines, but constitutes less than two degrees in a and can be explained by experimental

error and was deemed insignificant. Based on this figure, the different fines do not

affect the aging characteristics of the two asphalt binders when aged by TFOT

procedures.

Also included on this figure is a horizontal dashed line passing through both

sections of the figure. This dashed line represents a a-ratio of 1.00. If a does not

change due to TFOT aging, the a-ratio would be 1.00. Since all a-ratios are below 1.0,

TFOT aging consistently decreases a.
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Figure 6.54: o-Ratio for Each Asphalt Binder and Fine

As previously mentioned, the DSR has been adopted by Superpave as an asphalt

binder characterization test. The factor G*/Sin(o) for Rolling Thin Film Oven (RTFO)

aged binders has been designated a rutting factor. Recall that the TFOT aging

procedures were used for this study. The reason was that the mortars crawled out of the

RTFO aging bottles during testing. However, the RTFO and TFOT procedures were

designed to age an asphalt binder to approximately the same condition.

The total resistance of an asphalt concrete pavement to permanent deformation

(rutting) is provided by both the aggregate and asphalt binder within the pavement. The

importance of stone-on-stone contact of the aggregate is important, but a stiff, elastic
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asphalt binder is also desirable. To ensure a desirable asphalt binder, Superpave has

defined a minimum limit for G*/Sin(o) of2.20 kPa on the rutting factor. Therefore, as

the rutting factor increases, the contribution of the mortar to the resistance of an asphalt

concrete pavement to permanent deformation should also increase.

Figure 6.55 presents the rutting factors for the different mortars tested during

this project. Data for the rutting factors are presented on this figure by small ovals.

Each oval on the figure is labeled by the asphalt binder and Fine used to fabricate the

mortar. For instance, ACIFI indicates that Asphalt Binder No.1 and Fine 1 were

utilized in fabricating the mortar.
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This figure has been divided into four sections corresponding to the four F/A

ratios utilized by volume. Based on this figure, the resistance to pennanent defonnation

as provided by the mortar increases with increasing F/A ratios, as expected. A desirable

mortar for pennanent defonnation resistance is stiff. Stiffness increases with the

increasing F/A ratios as was illustrated by the 6SP and SR135 data presented earlier in

this chapter. Also from this figure, the rutting factor seems to be dependent on the

asphalt binder utilized to fabricate the mortar. Rutting factor values for Asphalt Binder

No. 1 are collectively higher than the rutting factors for Asphalt Binder No.2.

Based on this analysis, the addition ofbaghouse fines may increase the

resistance of an asphalt concrete pavement to pennanent defonnation. Also, as more

baghouse fines are added (increasing F/A ratios), the resistance increases. However,

this conclusion was based on mortar testing and the point must be made that an increase

in fines within a HMA reduces the percentage ofair voids which can result in more

potential for rutting.

Relationships between the rutting factors and different physical properties of the

Fines were examined. The best relationship occurred with percent bulk volume

(R2=O.79) (Figure 6.56). From this figure, the rutting factor increases with increasing

values ofpercent bulk volume as expected. This agrees with previous results for the

6SP and SR135 data. Based on this analysis, the percent bulk volume of a compacted

fine can be used to indicate the ability of a mortar to help an asphalt concrete pavement

resist pennanent defonnation.
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6.3.6 Analysis of Dynamic Shear Rheometer Testing at 22 DC of PAV Aged
Mortars

Tables 6.20 and 6.21 present the results ofthe ANOVA performed on the G*

and 0 data obtained during testing with the DSR at 22 D C on TFOT and PAV aged

mortars. Table 6.20 shows significant differences in G* for each of the main effects but

only the Fine*F/A Ratio interaction. Table 6.21 shows significant differences in 0

between only the Asphalt Binder and Fine main effects but all interactions. Further

analysis of these data was accomplished to determine if the baghouse fines affect the

aging characteristics of the asphalt binders and to determine if the baghouse fines affect

the fatigue cracking characteristics of the asphalt binders (as shown by G*Sin(o)).

Rutting Factor Vs. Percent Bulk Volume of The Compacted
Fines

25.0.,... ...,

20.0

Rutting Factor = 2.2475eo.0271(%Vdb)

R2 = 0.7904
•

os
I:l..
olC 15.0.:
0......
osr-
QII

= 10.0;:....
=c::

5.0

•

100908070605040302010

0.0......- -_--_--_-_--_--_-- ....

o
Percent Bulk Volume, %
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184

Table 6.20: Results of ANOVA for G* As Determined By DSR Testing
on the PAV Aged Mortars

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 28.74 4.00 Yes

Fine 5.36 2.10 Yes

F/A Ratio 92.47 3.15 Yes

Asphalt Binder*Fine 1.59 2.10 No

Asphalt Binder*F/A Ratio 0.22 2.76 No

Fine*F/A Ratio 4.92 2.10 Yes

Asphalt Binder*Fine*F/A Ratio 0.79 2.10 No

Table 6.21: Results of ANOVA for 0 As Determined By DSR Testing
on the PAV Aged Mortars

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 631.22 4.00 Yes

Fine 38.72 2.10 Yes

F/A Ratio 0.06 3.15 No

Asphalt Binder*Fine 5.58 2.10 Yes

Asphalt Binder*F/A Ratio 6.49 2.76 Yes

Fine*F/A Ratio 14.68 2.10 Yes

Asphalt Binder*Fine*F/A Ratio 4.48 2.10 Yes

Again, to detennine if the different baghouse fines affect the aging

characteristics of the asphalt binders, 5 was examined. The 5-ratio was calculated for

both neat asphalt binders and for each mortar tested.

Figure 6.57 presents the 5-ratios for each asphalt binder-Fine-F/A ratio

combination tested by the one-half fractional factorial. Each column constitutes the
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average value for three replicates and represents a different F/A ratio. The column labels

along the horizontal axis correspond to two columns. This constitutes the two F/A ratios

tested during the one-half fractional factorial. It can be seen from the figure that the

different mortars did not age similar to the neat asphalt binders. Therefore, the baghouse

fines did affect the aging characteristics of the neat asphalt binders when aged by both

the TFOT and PAV aging procedures.
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Figure 6.57: o-ratios For PAY Aged Mortars

Similar to the rutting factor determined by G*/Sin(o) on TFOT aged mortars,

Superpave has adopted a fatigue cracking factor (FCF) called "G-star Sine Delta"

(G*Sin(o)) as a performance property related to fatigue cracking. The FCF is
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detennined by multiplying G* and the sine of delta. Recall that a stiff, elastic binder at

high pavement temperatures is desirable to resist pennanent defonnation. Since fatigue

cracking typically occurs at intennediate temperatures after a pavement has been in

service for a period of time, the Superpave binder specification addresses'fatigue

cracking on a RTFO and PAV aged specimen tested at intennediate temperatures. This

is the reason for testing at 22°C. To resist fatigue cracking, it is desirable to have an

asphalt binder that is soft and elastic. Therefore, low values of G* and 0 are considered

desirable, resulting in low values ofG*Sin(o). As G*Sin(o) increases, the potential for

fatigue cracking in an asphalt concrete pavement also increases. For a neat asphalt

binder, Superpave has set a maximum value for G*Sin(o) of5000 kPa.

Figure 6.58. presents the fatigue cracking factors for the mortars and neat asphalt

binders tested. Data for the FCFs are again presented on this figure by small ovals.
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Based on this figure, the potential for fatigue cracking increases as the F/A ratio

increases. As more fines are introduced, the mortar becomes stiffer. This was also

shown with both the ASP and the SRl35 data. Also based on this figure, the FCF is

dependent on the Fine within the mortar. For instance, AC2F5 has the highest FCF

value for Asphalt Binder No.2 at a F/A ratio of 0.2 and has the lowest FCF value for

Asphalt Binder No.2 at a F/A ratio of0.5. However, AC2F2 has the lowest FCF for

Asphalt Binder No.2 at a F/A ratio of 0.2 and has the highest FCF for Asphalt Binder

No.2 at a F/A ratio of 0.5. This would indicate that for Asphalt Binder No.2, increases

in the amount ofFine 5 does not affect the fatigue cracking properties as much as

increases in Fine 2.

Also based on this figure, an interaction between certain fines and the asphalt

binders appears to be occurring. For instance, at a F/A ratio of0.3 the FCF for AC2F9 is

much higher than the FCF for AC1F9. This also occurs at a F/A ratio of 0.4 for the two

asphalt binders and Fine 9. However, this does not occur for all fines. At a F/A ratio of

0.4, the FCF for AClF6 and AC2F6 are very similar.

Relationships between the FCF and different Fines were examined. The best

relationship again occurred with the percent bulk volume (R2=0.64). This relationship is

presented in Figure 6.59. From this figure, the FCF increases with an increasing percent

bulk volume.
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G*/Sin(8) (Fatigue Factor) vs. Percent Bulk Volume
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Figure 6.59: Relationship Between Fatigue Cracking Factor and
Percent Bulk Volume

Based on this analysis, as the percentage of fines are increased in a mortar, the

resistance (as provided by the mortar) of an asphalt concrete pavement to fatigue

cracking decreases. Also, the percent bulk volume can be used as an indicator of the

fatigue cracking resistance provided by a mortar. As the percent bulk volume increases,

the resistance to fatigue cracking decreases.

6.3.7 Analysis of Bending Beam Rheometer Testing at -18°C on PAV Aged
Mortars

When an asphalt concrete pavement's temperature decreases, the asphalt binder

within the pavement shrinks. As the binder shrinks, tensile stresses build up within the

pavement. When these tensile stresses exceed the tensile strength of the asphalt concrete
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matrix, a low temperature crack occurs. The majority of this tensile stress resistance

comes from the asphalt binder. Superpave developed the BBR test procedure to

determine a binder's resistance to these tensile stresses. By knowing an asphalt binder

beam's geometry and the magnitude ofan applied creep load, the creep stiffness and m

value can be determined. IfS is too high, an asphalt binder is too brittle and therefore is

susceptible to low temperature cracking. If the m-value is too low, the asphalt binder

does not have the .ability to relieve the tensile stresses upon contraction at low

temperatures.

Tables 6.22 and 6.23 present the results of the ANOVA performed on the Creep

Stiffness (S) and the slope of the creep stiffness versus loading time (m-value) data

obtained during testing with the BBR at -18°C on TFOT and PAY aged mortars. Table

6.22 shows significant differences in S between each of the three main effects and all

interactions. Table 6.23 shows significant differences in m-values between each of the

three main effects and all interactions except the Fine*F/A Ratio. Further analysis of

these data was accomplished to determine if the different Fines affect the cold

temperature properties of the asphalt binders.

Figure 6.60 presents the creep stiffness data obtained during BBR testing. This

figure has been divided into four sections corresponding to the four F/A ratios. The S

data are presented as small ovals.
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Table 6.22: Results of ANOVA for S As Determined By BBR Testing
on the PAV Aged Mortars

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 368.57 4.00 Yes

Fine 21.32 2.10 Yes

F/A Ratio 1153.13 3.15 Yes

Asphalt Binder*Fine 9.41 2.10 Yes

Asphalt Binder*F/A Ratio 14.42 2.76 Yes

Fine*F/A Ratio 8.69 2.10 Yes

Asphalt Binder*Fine*F/A Ratio 3.96 2.10 Yes

Table 6.23: Results of ANOVA for the m-value As Determined By BBR Testing
on the PAV Aged Mortars

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 577.99 4.00 Yes

Fine 4.13 2.10 Yes

F/A Ratio 83.57 3.15 Yes

Asphalt Binder*Fine 3.39 2.10 Yes ,

Asphalt Binder*F/A Ratio 12.78 2.76 Yes

Fine*F/A Ratio 1.13 2.10 No

Asphalt Binder*Fine*F/A Ratio 5.03 2.10 Yes

Based on this figure, the potential for an asphalt concrete pavement to develop

low temperature cracking should increase as more fines are introduced into an asphalt

binder. This is illustrated by the increase in S with increasing F/A ratios. Also from this

figure, the neat asphalt binder used to create the mortars influences the low temperature

cracking potential. Collectively, the S values for Asphalt Binder No.2 are higher. This
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indicates that mortars created with Asphalt Binder No.2 are more critical with regard to

low temperature cracking.
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Figure 6.60: Creep Stiffness Data on BBR Tested Mortars

In order to detennine if the creep stiffness could be correlated with a physical

property of the different Fines, relationships between S and the different physical

properties ofthe Fines were examined. The best relationship again occurred with the

percent bulk volume (R2=O.72). Figure 6.61 illustrates this relationship between Sand
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percent bulk volume. As the percent bulk volume ofthe Fines increases, so should the

potential for low temperature cracking in an asphalt concrete pavement.

Based on this analysis, as the F/A ratio increases, the potential for low

temperature cracking in an asphalt concrete pavement should also increase. Also, both

the percent bulk volume and percent free asphalt are good indicators for a mortar's

resistance to low temperature cracking. As the percent bulk volume increases, the

potential also increases. As the percent free asphalt increases, the potential decreases.
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Figure 6.62 presents the m-value data obtained during BBR testing. This figure

has been divided into four sections corresponding to the four F/A ratios.
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Figure 6.62: m-value Data For Each Mortar

Based on this figure, the m-value decreases as more fines are introduced into an

asphalt binder. This is illustrated by decreasing m-values with increasing F/A ratios.

This indicates that as the F/A ratio increases, the ability ofmortars to relax over time

decreases. Also from the figure, the m-values are very asphalt binder specific.

Collectively the m-values for Asphalt Binder No. 1 are larger. Recall from the ANDVA
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table for the m-values that the asphalt binder main effect had the largest variation. This

is readily seen from this figure.

In order to determine if the creep stiffness could be correlated with a physical

property of the different Fines, relationships between the m-values and different physical

properties of the Fines were examined. The best relationship occurred with percent bulk

volume (R2::0.15). This is a low correlation coefficient, as expected. The m-values are

more dependent on the type asphalt binder than the Fines within the mortars. This was

also shown by the results of the ANOVA. The F-ratio for the different Fines was much

smaller than for the asphalt binders.

However, based on this analysis the ability for a mortar to relieve tensile stresses

decreases as the F/A ratio increases. Also, no physical properties of the different Fines

correlated well with the ability to relieve the tensile stresses. As expected, the type

asphalt binder played a more prominent role.

6.3.8 Observations About Mortar Analysis

Binder testing performed for this project included three tests that are related to

the performance ofHMA pavements: DSR testing on TFOT aged binders, DSR testing

on TFOT and PAV aged binders, and BBR testing on TFOT and PAV aged binders.

Figures 6.56, 6.59, and 6.61, respectively, compared the results ofthese tests to the

percent bulk volume of the compacted fines. Evaluation of these three figures showed

that an inflection point occurred at a percent bulk volume of approximately 55 percent.
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Figures 6.63 through 6.65 again present Figures 6.56, 6.59, and 6.61, respectively, but

showing the inflection points.

Referring to Figure 6.63, the rutting factor increases as the percent bulk volume

increases. According to Superpave guidelines, this is desirable because it provides a stiff

binder to help resist permanent deformation. However, at high rutting factors, the

mortars may be too stiff. Based on the regression equation for this figure, the rutting

factor at a percent bulk volume of 55 percent would be 10 kPa.
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Figure 6.63: Inflection Point for Rutting Factor vs. Percent Bulk Volume
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Referring to Figure 6.64, the fatigue cracking factor increases as the percent bulk

volume increases. According to Superpave, this is not desirable. For fatigue cracking, a

soft elastic binder is desirable. Based on the regression equation for this figure, the

fatigue cracking factor at a percent bulk volume of 55 percent would be 11,100 kPa.

G*/Sin(8) (Fatigue Factor) vs. Percent Bulk Volume

FCF = 3695.8eo.02(%Vdb)

R2 = 0.6359

20000

18000

16000

14000

" 12000
~

:; 10000
c
fii.. 8000
Co?

6000

4000

2000

0

0 10 20 30

•

40

•

50

•
•

•
•

•

60

•

•

70

•

80 90 100

Percent Bulk Volume, %

Figure 6.64: Inflection Point for Fatigue Factor vs. Percent Bulk Volume

Referring to Figure 6.65, as the percent bulk volume increases, so does the creep

stiffness. High values of creep stiffness are considered undesirable because they indicate

a binder that is brittle and therefore susceptible to low temperature cracking. Based on

the regression equation for this figure, the creep stiffness at a percent bulk volume of 55

percent is 1090 Mpa. This critical percent bulk volume value of 55 percent agrees with
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Creep Stiffness Vs. Percent Bulk Volume
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Figure 6.65: Inflection Point for Creep Stiffness vs. Percent Bulk Volume

previous research. As discussed in the Literature Review, Kandhal selected 50 percent

as a critical value (17), Hucheck and Angst (18) concluded 60 percent should be the

maximum, and Anderson (16) suggested 45 percent. Referring back to Table 5.3, at F/A

ratios less than 0.4 most of the baghouse fine combined samples have a percent bulk

volume values ofless than 55 percent. However, most of the samples had percent bulk

volume values more than 55 percent at a F/A ratio of0.4. Therefore, a F/A ratio of 0.4

seems to be critical.

Because of the strong relationships that percent bulk volume had with the change

in softening point temperature (R2=0.91), the stiffening ratio as determined by the
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Brookfield viscometer at 135°C (R2=0.91), and the complex shear modulus as

determined at 64°C on unaged mortars (R2=0.84), critical values for these tests can be

determined. Table 6.24 presents the values for the ASP, SR135, and G* that correspond

to a percent bulk volume of 55 percent.

Table 6.24: Critical Values Based on a Percent Bulk Volume
of 55 percent

Property Critical Value as Determined by
Regression Equations

ASP 15°C

SR135 10

G* 4.70kPa

The values for ASP and SR135 in Table 6.24 also agree with previous research.

Kandhal (17) suggested that the critical ASP was 11°C. Anderson (16) said that

stiffening ratios of greater than 10 to 15 were critical.

6.4 Analysis ofHMA Mixture Testing

Analysis of this data consisted ofperforming an ANaVA to determine if

significant differences occurred in the results for the laboratory tests. Three main effects

were analyzed using the ANaVA: asphalt binders, Fines, and F/A ratios. The Ho for

these analyses was that all population means were equal, while Ha was that at least one

population mean differed from the remaining means.
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6.4.1 Analysis of Volumetric Data

Included within the volumetric data were the percent air voids in total mix

(VTM), percent voids in mineral aggregate (VMA), and percent voids filled with asphalt

(VFA). The VTM was calculated utilizing Equation 6.5, VMA was calculated by

Equation 6.6, and VFA was detennined by Equation 6.7.

VTM, %
G

= 100 x [ 1 - ~ ]
G

mm

Eq.: 6.5

VMA, % (Ref 30) Eq.:6.6

where:

VFA, %
VMA - VTM

= 100 x [ VMA ] (Ref 30) Eq.: 6.7

Gmb = bulk specific gravity of the mixture

Gmm = theoretical maximum specific gravity of the mixture

ps = percent aggregate by total weight ofmixture

Gsb = bulk specific gravity of the aggregate.
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Results of the ANaVA for VTM, VMA, and VFA are presented in Tables 6.25,

6.26, and 6.27, respectively. For each of these volumetric properties, significant

differences occurred between each main effect and all interactions.

Table 6.25: Results of ANOVA for VTM

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 340.30 4.00 Yes

Fine 318.14 2.53 Yes

F/A Ratio 138.40 3.15 Yes

Asphalt Binder*Fine 15.22 2.53 Yes

Asphalt Binder*F/A Ratio 8.50 3.15 Yes

Fine*F/A Ratio 23.00 2.04 Yes

Asphalt Binder*Fine*F/A Ratio 4.58 2.04 Yes

Table 6.26: Results of ANOVA for VMA

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 485.66 4.00 Yes

Fine 335.05 2.53 Yes

F/A Ratio 210.63 3.15 Yes

Asphalt Binder*Fine 24.65 2.53 Yes

Asphalt Binder*F/A Ratio 5.81 3.15 Yes

Fine*F/A Ratio 22.70 2.04 Yes

Asphalt Binder*Fine*F/A Ratio 4.80 2.04 Yes

Figures 6.66, 6.67, and 6.68 present the data for each combination of asphalt

binder, Fine, and F/A ratio for VTM, VMA, and VFA, respectively. Figure 6.66

illustrates that as the FIA ratio increases, the general trend of the data shows a decrease
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in VTM. This would be expected. For a constant volume of asphalt binder and constant

compactive effort, the increase in amount of filler (Fines) should decrease the amount of

air voids within the mixture.

Table 6.27: Results of ANOVA for VFA

Source of Variation F-ratio Fcril Significant Difference?

Asphalt Binder 305.75 4.00 Yes

Fine 334.40 2.53 Yes

F/A Ratio 112.95 3.15 Yes

Asphalt Binder*Fine 19.04 2.53 Yes

Asphalt Binder*F/A Ratio' 8.70 3.15 Yes

Fine*F/A Ratio 22.97 2.04 Yes

Asphalt Binder*Fine*F/A Ratio 4.36 2.04 Yes
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Figure 6.66: VTM Data For All Combinations
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Recall that optimum asphalt content was defined as the asphalt content that

produces 4.0 percent VTM at Ndes (95 gyrations). Located on Figure 6.66 is a horizontal

line corresponding to 4.0 percent VTM. Also, the F/A ratio utilized during the mixture

design was 0.43 for both asphalt binders. Based on this figure the different Fines

affected the optimum asphalt content of the mixture. At a F/A ratio of 0.4, only two of

the Fines had VTM values of4.0 percent (AC1F4 and AC2F1). However, two other

fines were close enough to suggest that they also correspond to optimum asphalt content

(AC2F2 and AC2F9).

Interestingly though, mixtures containing Asphalt Binder No. 1 and Fine 4

showed an increase in VTM from a F/A ratio of 0.4 to 0.5. Fine 4 was the coarsest of the

four fines utilized based on the particle size analyses with the Coulter LS200. Also,

mixtures made with Asphalt Binder No. 1 and Fine 5 did not show any differences in

VTM for the three F/A ratios. Fine 5 was the second finest of the four fines utilized.

Figure 6.67 illustrates that as the F/A ratio increases, the general trend of the data

shows a decrease in VMA. This also would be expected. For a Type 1B 19.0 mm

nominal maximum aggregate size gradation (as was used for this study), the SCDOT

specifies that the minimum VMA should be 14.0 percent. From Figure 6.67 it can be

seen that at a F/A ratio of 0.3, only three of the ten combinations meet this minimum

criteria (AC2F1, AC2F2, and AC2F4). At a F/A ratio of 0.4, only one of the ten meet

(AC2F4). At a F/A ratio of 0.5, none of the combinations meet. Based on this
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discus~sion, the amount ofFines influences the VMA in a resulting mixture. Also, as the

amount ofFines increases, the VMA decreases.
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Figure 6.67: VMA Data For All Combinations

Figure 6.68 illustrates that as the F/A ratio increases, the general trend of the data

shows an increase in VFA. This indicates that the decrease in VMA associated with the

introduction of the fines influences the mixture more so than the decrease in VTM. If

the VMA and VTM were influenced similarly, the resulting VFA would have stayed

approximately the same.
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Figure 6.68: VFA Data For All Combinations

6.4.2 Analysis of Compactibility Data

Compactibility was defined as the slope of the densification curve produced

during the compaction ofeach specimen. Results from the ANOVA showed no

significant differences between the main effects or any interactions. This is probably due

to the strong aggregate skeleton used for this project. The Surface Type IB gradation

was developed as a high volume surface mixture. These results are presented in Table

6.28. Because of the lack of significant differences, no further analysis was performed.
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Table 6.28: Results of ANOVA for Compactibility

Source of Variation F-ratio Fent Significant Difference?

Asphalt Binder 0.59 4.00 No

Fine 0.35 2.53 No

F/A Ratio 1.22 3.15 No

Asphalt Binder*Fine 0.78 2.53 No

Asphalt Binder*F/A Ratio 0.82 3.15 No

Fine*F/A Ratio 1.05 2.04 No

Asphalt Binder*Fine*F/A Ratio 0.95 2.04 No

6.4.3 Analysis of Indirect Tensile Testing

Recall that two tensile properties were detennined using the IDT: tensile strength

at failure (SJ and tensile strain at failure (EJ. Results of the ANDVA for St and Et are

presented in Tables 6.29 and 6.30, respectively. Table 6.29 shows that significant

differences occurred between each of the main effects and all interactions except the

asphalt binder*Fine*F/A ratio interaction. Therefore, further analysis of the St data will

be accomplished utilizing all of the data. Table 6.30 shows that for Et significant

differences only occurred between the Fines main effect. Further analysis of this data

will be to show the differences between the Fines.
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Table 6.29: Results of ANDVA for St

Source of Variation F-ratio Ferit Significant Difference?

Asphalt Binder 12.51 4.00 Yes

Fine 67.30 2.53 Yes

F/A Ratio 19.28 3.15 Yes

Asphalt Binder*Fine 3.32 2.53 Yes

Asphalt Binder*FIA Ratio 5.64 3.15 Yes

Fine*F/A Ratio 3.61 2.04 Yes

Asphalt Binder*Fine*F/A Ratio 1.94 2.04 No

Table 6.30: Results of ANDVA for €t

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 0.90 4.00 No

Fine 6.30 2.53 Yes

F/A Ratio 0.87 3.15 No

Asphalt Binder*Fine 1.05 2.53 No

Asphalt Binder*FIA Ratio 0.36 3.15 No

Fine*F/A Ratio 0.84 2.04 No

Asphalt Binder*Fine*F/A Ratio 0.46 2.04 No

Figure 6.69 presents the St data for each combination of asphalt binder, Fine, and

FIA ratio. This figure has been divided into three sections to correspond to the three FIA

ratios. Based on the figure, increases in the FIA ratio result in increasing tensile

strength. However, an exception does occur. This exception is the combination ACIF4.

At a FIA ratio of 0.5, the tensile strength of this combination is lower than for the other

FIA ratios. Referring back to Table 5.2, this particular Fine (Fine 4) was the coarsest of
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the five utilized for the HMA mixture evaluation. However, after visual inspection of

Fine 4, this Fine had a large percentage ofmicaceous material. Mica is a very soft

material and its presence would better explain why the tensile strength would decrease

with increasing amounts ofthis fine. No test procedure utilized in this study determined

the amount ofmica within the different Fines.
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Figure 6.69: Indirect Tensile Strengths For Each Combination

Because the Et data only showed significant differences between the different

Fines, a DMRT was performed to rank the different Fines. Table 6.31 presents this

ranking.
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Table 6.31: Average €t Results For Each Fine and Duncan's Rankings

I Fine I Average €t IDuncan's Ranking* I
4 0.00669 A

5 0.00637 B

2 0.00627 BC

9 0.00621 BC

1 0.00596 C

* Averages with the same letter are not significantly different

Tensile strain at failure is useful in predicting the cracking potential ofmixtures

(21). Mixtures with higher Et values can tolerate higher strains and are therefore more

resistant to cracking. Based on the DMRT rankings, Fine 4 would be the most resistant

to cracking and Fines 2, 9, and 1 would be the least resistant. Again, the presence of the

soft, elastic mica within Fine 4 may explain why Fine 4 has the highest Et values.

6.4.4 Analysis of Root-Tunnicliff Moisture Susceptibility Testing

A statistical analysis could not be performed on this data because only one

replicate was tested per asphalt binder-Fine-F/A ratio. Therefore, analysis consisted of

looking for trends in the data.

One trend found that as the F/A ratio increased, the TSR also increased (Figure

6.70). This would seem logical because the SCDOT requires lime to be added to HMA

mixtures as an anti-stripping agent. Lime is typically finer than about a 0.300 mm (No.

50) sieve. Reason would suggest that the lime would be picked up into the exhaust gas

stream and carried to the baghouse. Therefore, as more baghouse fines are added to a

HMA mixture, the moisture sensitivity of the mixture should decrease.
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FinelAsphalt Ratio vs. Tensile Strength Ratio
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Figure 6.70: Average Tensile Strength Ratios for Each F/A Ratio

Also, recall that the Methylene Blue test was perfonned on each of the combined

baghouse fine samples. This test was perfonned because it has been shown to be a good

indicator ofmoisture susceptible fines (22). Figure 6.71 shows that, generally, as the

Methylene Blue Value increases for a Fine, the moisture susceptibility of the resulting

mixture also increases. This would indicate that the Methylene Blue test would be a

good quality control test for indicating the moisture sensitivity ofbaghouse fines.
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Methylene Blue Value vs. TSR for Each Fine
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6.4.5 Analysis of Long Term Aging Testing

Similar to the Root-Tunnicliff data, only one replicate per combination of asphalt

binder-Fine-F/A ratio was tested. Therefore, no statistical analysis could be performed.

Table 6.32 presents the LTR data for each combination. This table also shows

the average LTR for each combination, F/A ratio, and asphalt binder. Based on this

table, it appears that the only differences in the data are between the different Fines used

to make the mortars. Based on this analysis, the different fines do affect the durability of
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a HMA mixture. It was attempted to find a property of the fines that would predict the

affect on durability; however, no relationships could be found.

Table 6.32: LTR Data and Averages

Asphalt LTRData
Combination

Asphalt
Binder-Fine

Average
Binder

Combinations F/A = 0.3 F/A = 0.4 F/A =0.5 Average

ACIFI 0.79 0.77 0.85 0.80

ACIF2 0.91 0.75 0.78 0.81

ACIF4 1.30 0.92 1.11 1.11 0.95

ACIF5 1.02 1.02 1.08 1.04

ACIF9 0.94 0.99 1.03 0.99

AC2Fl 0.75 0.90 0.56 0.74

AC2F2 0.78 0.71 1.08 0.86

AC2F4 10.92 0.92 1.15 1.00 0.95

AC2F5 1.13 1.28 0.97 1.13

AC2F9 1.00 1.04 1.13 1.06

F/A Averages 0.95 0.93 0.97

6.4.2 Analysis of Confined Repeated Load Deformation Test Data

Analysis of the confined repeated load defonnation test data consisted of

perfonning an ANOVA to detennine if significant differences occurred between the

main effects. The Ho for this analysis was that no significant differences occurred

between the main effects, and the Ha was that significant differences did occur. Results
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from the ANOYA showed no significant differences between the main effects. These

results are presented in Table 6.33.

Table 6.33: Results of ANOVA for Confined Repeated Load Deformation Test

Source of Variation F-ratio Fcrit Significant Difference?

Asphalt Binder 0.91 4.00 No

Fine 1.01 2.53 No

F/A Ratio 0.66 3.15 No

Gabrielson (31) developed the following equation to predict rut depths in HMA

pavements using results of the confined repeated load deformation test.

Rut Depth = 1.334 (Strain)o.s + 0.05 Eq.: 6.8

This equation was developed by correlating actual field pavement rut depths with the

results of the confined repeated load deformation test on core specimens obtained from

the pavements. Traffic levels for these pavements ranged from 0.9 to 11.3 million

equivalent single axle loads (ESALS). Table 6.34 presents the predicted rut depths for

the laboratory made specimens using the above equation.

The predicted rut depths range from 5.49 to 9.73 mm (~to% in.). These rut

depths are not considered to be significant. One reason for these low rut depths could be

the strong aggregate skeleton (Type IB Gradation) used to fabricate each of the

specimens. One reason for the lack ofdifferences could be because this particular test
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method is not capable of detennining the differences in Fines used to create the HMA

specimens.

Table 6.34: Predicted Rut Depths Based on Gabrielson's Formula

Asphalt Rut Depths, mm
Combination

Asphalt
Binder-Fine

Average
Binder

Combinations F/A =0.3 F/A = 0.4 F/A =0.5 Average

ACIFI 6.10 5.36 5.49 5.65

ACIF2 8.05 8.69 6.45 7.73

ACIF4 6.31 7.58 *** 6.94 6.75

ACIF5 6.30 5.16 5.08 5.51

ACIF9 5.54 8.76 9.40 7.90

AC2Fl 5.97 6.17 7.14 6.43

AC2F2 6.40 6.58 5.89 6.29

AC2F4 *** 6.63 8.07 7.35 6.79

AC2F5 5.97 9.73 6.58 7.43

AC2F9 6.55 6.58 6.27 6.47

F/A Averages 6.35 7.12 6.71



CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

The objectives for this study as stated in the original problem statement were "to

identify the range ofbaghouse particle sizes produced at typical asphalt plants in South

Carolina, determine the effects ofbaghouse fines in asphalt mixes, and establish valid

criteria for their inclusion in hot mix asphalts." To accomplish these objectives a

comprehensive field sampling and laboratory testing program was accomplished.

Based on the analysis of the test results from that program the following conclusions

and recommendations are provided.

7.1 Conclusions

1. The quantity and type ofbaghouse fines being returned to the asphalt mix has a

significant effect on the performance ofHMA mixtures.

2. Variation in particle sizes caused by different mixture types is plant specific and

small variations in the rate ofHMA production does not significantly affect the

particle sizes of the baghouse fines. The particle sizes captured in a baghouse

can range from 2 mm (No. 10 sieve) to less than 1 Ilm and the mean particle

diameter for baghouse fines can range from 12 to 280 Ilm.

214
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3. The percent bulk volume, derived from the modified Rigden's voids test, can be

used to characterize a fines' potential for stiffening an asphalt binder as

measured by the softening point test, Brookfield viscometer at 135°C, and the

DSR on unaged mortars.

A. The modified Rigden' s percent voids in a dry compacted dust can range

from 39 to 65 percent.

B. Plants that utilize primary collectors yielded baghouse fines that had

higher modified Rigden's percent voids in a dry compacted dust than did

plants without primary collectors. However, the type ofprimary

collector (cyclone or knockout box) did not significantly affect the

modified Rigden's voids for baghouse fines.

C. The effect of changing the type oflIMA mixture or differing rates of

lIMA production on the modified Rigden's voids was plant specific.

4. The complex shear modulus as determined by the DSR at 64°C on aged mortars

can be used to characterize a fine's potential for stiffening an asphalt binder.

A. Baghouse fines do not affect the aging characteristics ofasphalt binders

when aged by the TFOT.

B. The addition ofbaghouse fines will increase the stiffness (measured by

the DSR at 64°C on TFOT aged mortars) of the mortar thereby resulting

in a possible increase in the resistance of a lIMA pavement to
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pennanent defonnation (for a given air void content). Each of the

baghouse fine samples tested showed this increase in stiffness.

C The percent bulk volume of the filler can be used as an indicator of a

mortar's contribution to a HMA pavement's resistance to pennanent

defonnation as measured by the DSR on TFOT aged mortars

D. As the percentage ofbaghouse fines is increased in a mortar, the

resistance (as provided by the mortar) ofa HMA pavement to fatigue

cracking decreases.

E. The percent bulk volume ofthe filler can be used as an indicator of the

fatigue cracking resistance (as provided by the mortar) as measured by

the DSR on TFOT and PAV aged mortars.

F. As the percentage ofbaghouse fines is increased in a mortar, the

resistance (as provided by the mortar) ofa HMA pavement to low

temperature cracking decreases.

G. The percent bulk volume can be used as an indicator ofthe low

temperature cracking resistance provided by a mortar as measured by the

BBR on TFOT and PAV aged mortars.

5. As the percentage ofbaghouse fines increases, the percent voids in total mix and

percent voids in mineral aggregate decrease and the voids filled with asphalt

increases (for a constant volume of asphalt binder and constant compactive

effort).
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6. Baghouse fines did not affect the laboratory compactibility oflIMA mixtures as

measured with the Superpave gyratory compactor. This was shown by the lack

of significant differences in the slope ofcompaction curve data ofmixtures

compacted with different baghouse fines.

7. As the percentage ofbaghouse fines increases, the tensile strength of a lIMA

also increases. This was probably due to the decrease in voids in total mix and

voids in mineral aggregate and/or increase in mortar stiffness.

8. The effect ofbaghouse fines on a lIMA's potential for cracking as determined

by the tensile strain at failure is baghouse fine specific. However, based on

tensile strain, no physical properties (particle size or modified Rigden's void test

data) could be found to indicate which fillers had more potential for cracking in

lIMA.

9. As the percentage ofbaghouse fines increase, a lIMA's resistance to moisture

susceptibility also increases. This is probably due to the fact that in South

Carolina most of the fines contain lime which is picked up into the exhaust gas

stream and taken to the baghouse.

10. The Methylene Blue test can be used to indicate a baghouse fine's potential for

moisture susceptibility.

11. The effect ofbaghouse fines on the durability, as determined by the long term

aging ratio, of a HMA pavement seems to be baghouse fine specific. However,

based on this study, no physical properties (particle size or modified Rigden's
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void test data) could be found to indicate which fillers influenced durability

more.

7.2 Recommendations

Based on the information included in this report the following are presented for

consideration by the South Carolina Department ofTransportation:

1. The use of the Superpave guidelines for fine to asphalt (PIA) ratios of0.6 to 1.2

by weight are reasonable. However, the use of the Superpave binder tests should

be included in the mix design process to evaluate the mortars. Typical values

encountered for this study using the Superpave binder tests included: G*/Sin(o)

on TFOT aged mortars of 10 kPa, G*Sin(0) on TFOT and PAV aged mortars of

11,100 kPa, and S on TFOT and PAV aged mortars of 1090 kPa. In the future,

the Department should perform these tests on mortars fabricated from materials

used on construction projects. Based on the experience of the Department and

the data accumulated over this time period, the Department can determine

limiting values for these properties.

2. The percentage ofbaghouse fines greatly influences the volumetric properties of

a lIMA mixture; therefore, care should be taken to insure that the laboratory mix

designs include any additional fines that may be generated during production of

lIMA. The mix must be monitored during construction and adjusted to meet the

required volumetric requirements.
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3. The percentage ofbaghouse fines greatly influences the volumetric properties of

a HMA mixture; therefore, the HMA contractor should be required to introduce

the baghouse fines back into the mixing process in a consistent manner. Close

control of the volumetrics and F/A ratio at the plant site should ensure that the

baghouse fines are introduced in a consistent manner. Several types of

equipment can be used to introduce the baghouse fines in a consistent manner.

A vane feeder or rotary air-lock at the mouth of the baghouse that varies the

amount ofdust discharge with changes in the rate ofHMA production will assist

in the return ofbaghouse fines in a unifonn manner. However, these two pieces

of equipment could lead to dust surges within the baghouse. Two options

available to ensure that adjustments can be made to the amount ofbaghouse

fines returning to the mixture include a separate silo or washed aggregate. A

separate silo would allow a contractor to return less baghouse fines than are

generated. Again a vane feeder or rotary air-lock can be used to assist in the

return ofbaghouse fines in a unifonn manner. In addition, a weigh hopper could

be used at a batch plant to ensure the proper amount ofbaghouse fines being

returned to the HMA production process. A separate silo would also assist in

wasting baghouse fines ifneed be. Secondly, the use ofwashed aggregates

could reduce the amount ofcollected baghouse fines and thus a separate silo

may not be required.
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4. If the baghouse fines must be wasted, they should be wasted in an

environmentally appropriate manner. Based on limited conversations with the

South Carolina Department ofHealth and Environmental Control, an

environmental problem may exist with disposing the baghouse fines off-site

because of their exposure to the fuel used to produce the flame during mixing.

This factor should be considered when deciding upon an appropriate manner of

disposal.
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Table A.I: Results For Survey of State Departments of Transportation

Question #1: Does your state have a dust-to-asphalt specification?

Response States

Yes Arkansas, Arizona, California, Connecticut, Delaware, Florida, Illinois, Massachusetts,
Michigan, Minnesota, Mississippi, Missouri, Montana, Nebraska, Ohio, Oklahoma,
Tennessee, Vermont, West Virginia, Virginia

No Alaska, Colorado, Georgia, Hawaii, Idaho, Kentucky, Indiana, Louisiana, Maine,
Nevada, New Jersey, New Hampshire, New Mexico, New York, North Dakota,
Oregon, Texas, Utah, Washington, D.C. Department of Public Works, Wyoming

Question #2: Do you consider baghouse fines to be detrimental to the life of Hot Mix Asphalt?

Response States

Yes Alaska, Colorado, Delaware, Florida, Georgia, Hawaii, Kentucky, Maine, Michigan,
Montana, New York, North Dakota, Ohio, Tennessee, Texas, Utah, Vermont, Virginia

No Arkansas, Arizona, California, Colorado, Connecticut, Idaho, Illinois, Indiana,
Louisiana, Massachusetts, Minnesota, Mississippi, Missouri, Nebraska, Nevada, New
Jersey, New Hampshire, New Mexico, North Dakota, Ohio, Oklahoma, Oregon,
Washington, D. C. Department of Public Works, West Virginia, Wyoming

Question #3: Do you currently require the contractor to waste the baghouse fines?

Response States

Yes Arizona, Montana, Nevada, North Dakota, Wyoming

No Alaska, Arkansas, Arizona, California, Colorado, Connecticut, Delaware, Florida,
Georgia, Hawaii, Idaho, Illinois, Kentucky, Indiana, Louisiana, Maine, Massachusetts,
Michigan, Minnesota, Mississippi, Missouri, Nebraska, New Jersey, New Hampshire,
New Mexico, New York, Ohio, Oklahoma, Oregon, Tennessee, Texas, Utah, Vermont,
Washington, D. C. Department ofPublic Works, West Virginia, Virginia
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TEST METHOD FOR DETERMINING THE PERCENTAGE OF FREE ASPHALT IN A DUSTI
ASPHALT MIXTURE-DRY COMPACTION METHOD

1. Scope

ThIs lesl ll'U\.edu'e t.lf·scroLJes it IIlplhodlor t.lelerl11inlng the voitJ
vulume ,n.1 dry·C(II''1,.1l.II'd tlw;1 O1ro" Ill!! Ile,cpnta!le 01 Iree asphalt
"' a dusl a5I'h,,11 ""'h,,,' 11", lesl melhod,s LJased upon the as
5uf11l'hon Ihal Ihe ,len5eslllilck,nq lma"mulll LJulk denSIty) 01 a
Ionp m"leral dusl can LJe ulJl",roedLJy cOlnpacling Ihe dry dusl in a
multJ

6. Apparalus

6.1 Compaction Hammer. A compadiol1 hammer. as shown
in Flyure 0·1, IS requllod 10 compad IIIP. dosl onlo Ill!! losl
mold. The duslls compu(;letJ III olle layer, USII1Y 25LJlows
ollhe hammer.

Figure B·2

6.2 Compoction Pedestaf. A sleel hlock. 1 inch Ihick • " Il1(;h
x 4 inch is used as a lJase lor Ihe mold (Fiyurc 13.'2).

SAMPLE "OLOER

UUST

fOlLOWER

rr~.:~:11

tQJ!rn.
• I

II It(II.ES OIl 0.2!'J" 0.10"
RAI!IUS, NO 76 UIIILL .

friL nR
. "APEII

100 GIIIIM
UI/OP WEIGIII

0.49B" OIA.

.. 0.125· OIA.

6.3 Tlliclllless Measurmg System A dlill g"uyo w,lh 0.001·
inch gradations mounted as shown in Figure U·3 IS reo
quired for measurin\l the 1I11cknllss 01 the compacled bed
oldus\.

COMPACTION HAMMER

.t

T
"9

Figure B·l

2. Applicable Documenls

C 181\ Spec,Ioc Gravlly 01 Hydraulic Cemenl
D 4n Parll(;le S'ze AnalysIs of Soils
D 8~·1 Speclllc G'avlty 01 Soils
[ I I SllccllocallOn lur Wlle·Clolh Sieves lor Testing

Purposes

3. Summary 01 Method

In Ih,s tesl melhod. lhe volume of Ihe voids in a dry-con,JOCled
bed 01 mInerOIl duslls t.lell'lIll1ned lJy cOl11pochng lhe dusl in a small
mold. The volume 01 asphall required 10 lillihese voids is called
lixed asphalt Any asphaltthal is adt.led 10 a dusliasphall mixture
thai IS in excess ollhe lixed asphalt is called hee asphalt.

4. Delinillons

4.1 Maximum pac/ling occurs wIlen lhe parliclos are packed
togelher in lheir minimum volume wilh a minimum void
volume. Maximum packing results in a maximum bulk
densily.

4.2 The bulk density 01 the compacled duslls delined as lhe
dry weight ollhe dusl divided by the bulk volume 01 lhe
compacled dust. The bulk volume Includes lhe sum 01
Ihe solid volume 01 lhe dusl panicles and lhe volume of
Ihe voids between lhe panicles.

4.3 The densiry ollhe dusl solids is delined as Ihe dry weight
of lhe dusl divided by lhe solid volu,ne ollhe dust pani.
cles. This density can be obtained hom ASTM Tesl
Melhod C IBB or 0 B54. or anolher appropriale lesl
method.

4.4 The fixed asphafl volume. V..., Is defined as the volume
01 asphalt required to lillihe voids in a duslthal has been
densilied 10 ils maximum dry densily.

4.5 free asphall volume, V.'R' is defined as lhe volume 01
asphalt added to a dusliasphall mixture, thai is in excess
ollhe Iixed asphall volume.

4.6 Stiffening is defined as the increase in consistency Ihal
occurs when mineral dust is added 10 asphall cement.
Slil/ening is measured by comparing lhe penetration.
viscosily, or sollening point ollhe dusllasphall mixlure
with the penetralion. viscosity, or softening point oIlhe
plain asphall cernen\.

5. SIgnlllc8nce

The void volume in a dry-compacted dust is sensilive to changes
in gradalion and olher properties 01 the dust. and,lherefore.the dry
compaclion test has been proposed as a test lor moniloring lhe
unolormily 01 the dusl collected in HMA lacilities.

The percentage ollree asphall in lhe dust:asphalllraciion in
HMA has also been correlated wilh lhe slress-slrain response 01
HMA. Therefore. lhe percentage ollree asphalt has been pro
posed as a simple indicator which can be used 10 monitor and con
Irollhe uniformity 01 dust added to HMA.



Figure B-3

6.4 Test Mold. A test mold. as shown in Figure B-2. is re
qUired for measuring the volume of the compacted bed
oldusl.

6.5 Filter Membrane. Small. 'h-inch-diameter disks must be
cut from the Millipore No. SCWP0190R filter membrane.
The culling tool shown in Figure B-4 is recommended lor
this purpose.

6.6 Tweezers. Tweezers are needed lor handling the filler
disks.

6.7 No. 200 Sieve. A No. 200 sieve meeting the require
ments 01 ASTM E 11 is needed to remove the particles
larger than 75 jim.

6.8 Balance or Scale. A balance or scale rated to 200
grams and sensitive to 0.01 gram is required.

7. Sample Preparation

The dust may be obtained from a primary or secondary dust col
lector. the coarse or fine aggregate, or the aggregate extracted
from a mixture. Particles larger than 75 11m should be removed by
sieving. Dry sieving is usually adequate if several sieves coarser
than the No. 200 sieve are placed above lhe No. 200 sieve during
the sieving operation to avoid overloading the No. 200 sieve. Wet
sieving should be avoided because the fine particles tend to stick
together after they are dried.

8. Procedure

8.1 Usethe CUlling tool (Figure 6-4) tocut anumber01 'I.-inch
diameter filler disks. Place two 01 these disks in the bot
tom of the sample cup. place the follower over the top of
the disks, and seat the follower on the filler disks using
firm finger pressure (Figure B-5). Insert the entire as
sembly under the dial gauge. Record the dial gauge
reading as t,.

8.2 Weigh the empty mold. two filler disks, and the follower,
and record the weight as W,. Remove the follower and
the two filter disks.

8.3 Place a filler disk in the bollom of the sample cup (Figure
6-6). making certain that it is centered and firmly in place
at the bollom of the mold. Select a representative sample
of minus No. 200 dust that weighls approximately 1.0
1.3 grams. Carefully place the dust in the sample cup
over the top of the filler disk. Place a second filler disk
over the top of the dust. and use the follower and firm
hand pressure to seat the disk on top of the dust. This
procedure will resull in some initial compaction 01 the
dust and is to be expected.

8.4 Remove the follower, place the sample cup on the steel

B.3

Figure 6-4

.~"'ilt\r~'l\,&6'~~l:;!«iV~,r .
\ :ilt~'~,\\:lJ~~"~\:~

Figure B·5

Figure B-6

base plate. and apply 25 blows with the compaction
hammer (Figure B-7). Use caution during the compac-
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Figure B·7

9. Calculallons

9.1 Notalion
OlAv
D/A.,
d
G.
Gos
t

1 + O/A ( 1 _ Gus"tw )
v '100

---"-----'- x 100%
1+OlAv

V. = W./G.'Iw

9.3.2 When the dust/asphalt ratio is given on a volu
metric basis. the percentage of free asphalt in a
dusVasphalt mixture is calculated as follows:

9.2.3 Calculate the volume of the voids in the com
pacted dust, Vov• as follows:

Vr¥t" Von-Vus

9.2.4 Calculate the percentage of voids in the com
pacted dust as follows:

V -V
%Vr¥t .. -!!!!.-J!l! 100"10

Voo

9.2.5 Calculate the bulk densily of the compacled dust
as follows:

9.2 Compacted Dust

9.2.1 Calculate the bulk volume of Ihe comJ.lacled dusl,
V.." as follows:

W" .. W, - WOo weight of compacted dusl
(grams)

"VOl .. unil weight 01 water (1.000 g'cm')
G". .. specilic gravity 01 dusl solids as deter-

mined from ASTM C 188 or 0 854, or
another suilable test method

d - diameler 01 mold (In.)
f ~ t, - t" sample thickness (In.)

9.2.2 C"lculale lhe volume 01 lhe dust solids. V,.,. as
lullows:

where:

W"---em'
V"s" 'IwG,,,

where:

Wo
'100" -- g/cm'Voo

9.3 Dust/Asphalt Mixtures
When dust and asphalt are mixed together, the amount 01 added

asphall must first be sullicientto fill the voids between lhe dust par
ticles. This asphalt is called fixed asphalt. Additional asphall is
needed to keep the particles separaled and lubricate Ihe dusllas
phalt mixture; otherwise the mixture will be excessively still. This
additional asphall Is called Iree asphalt. The calculations below
can be used to calculale the percentage of Iree asphalt in a dusV
asphalt mixture.

9,3.1 Calculale lhe percentage of free asphalt, "IoV.,.,
in lhe dusVasphalt mixture as follows:

V V.+Vos-VOO1000/0
% .,. = "

V.+Vos

where:

.. DusVasphall ratio, volumetric basis

.. DusVasphall ratio. weight basis

.. Diameter of lest mold (in.)

.. Specific gravily of asphall cement

= Specific gravity of lhe dust solids
.. Thickness of compacled sample (in.)

I, .. Initial dial gauge reading (in.)

t, .. Final dial gauge reading (in.)

V.,n .. Volume 01 Iree asphall in dusVasphall
mixlure (em')

%V.,n" Volume 01 Iree asphall in dusllasphall
mixlure expressed as a percentage 01 10
lal mixlure volume

Vrze .. Bulk volume 01 compacted dust sample
(em')

VO! .. Volume of dust solids, em'

V... .. Volume 01 voids in compacted dusl(cm')
%Vr¥t .. Volume 01 voids in compacted dust ex·

pressed as percentage 01 bulk volume

Wo .. Weight 01 dry dust solids (g)

"toe .. Bulk density (unll weight) 01 compacted
dust (g/cm')

1.. = Oenslly (unit weight) 01 water (1.00 gl
em')

lion process 10 be certain lhat lhe mold is sealed lirmly
on lhe compaclion pedestal, lhe drop weighllalls lis lull
height, and lhe drop weighlfalls freely.

8.5 Remove lhe compaction hammer lind insert lhe loIlower
on top ollhe compacled dusland filler disk. Insert fhe en·
lire assembly under lhe dial gauge and record the dial
gauge reading, I,. Weigh lhe entire mold assembly, and
record as lhe weight W,.

8.6 The specific gravity 01 the dusl solids is required 10 com·
plete lhe calculations. Hlhe specific gravily of lhe dusl
solids is not known, il will be necessary 10 measure il us
ing ASTM procedure C 188 or 0 854. Caution: The spe·
cilic gravily 01100 dusl solids may not be Ihe same as lor
lhe olher aggregate fractions. Allhough kerosene has
been used as a liquid lor determining specific gravity.
waler can also be used wilhoul adversely aflecling lhe
accuracy of lhe resulls.

:~'-:'

rJ1
~'~j
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INTERNAnONAl SLURRY SURFACING ASSOCIATION

TECHNICAL BULLETIN
1101 CONNECTlClfT AVE., N.W., WASHINGTON D.C. 20036

No. 145
Proposed
February

1989

(mglg)
(\0.0)

(7.0)

Basalt Rock
Gritstone
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Raw Matenals· (Blue Cllde Ind., GrccnhldlC, Kenl)

9. J. R. Hosking & D. C. Pike, 1he Medlylene Blue Dye Adsorp
tion Test in Relation 10 Aggregate Drying Shrinkage' (Trrf,
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Test Method for Determination of
Methylene Blue Adsorption Value (MBV) of

Mineral Aggregate Fillers and Fines
NOTES
1. The ilorabJre al our disposal reports many variations 01 the

melhod. MB solution oonoonntions are reponed as 1 mglml,
".5 mg/ml, 10 mglml and I mol 10 .08 mol solutions. Sample
sizesrepor1edaml gram, 20 grams, 30 grams, 200 grams and
looograms. Specimengradalions am 01'325, 011200,011 10,
0118,01'" and clean 3/8"one-size chips, For simplirocation and
slandardizlllion. we suggesl repcx1ing lhe MBVas mg 01 MBI
go/specific aggregalo fraction.

2. The preparation ollhe aggmgatelor testing also varies. When
whole aggmgale gradations as received are used, it is possible
to delecl and quantify ad1erenl fines. Some prooedJres use
laboratory aushers 10 mdJoa large size clean aggregates 10
specific flOes fractions lor testing.

3. Though no slandard MBV is proposed in lhis Technical Bulle
tin, Standards have been set in Norlhern Ireland lor Chip Seal
(Surla08 Dressing) aggragalo fines produced by aushing as
IoDows:
"The eggregale should be rejected illhe Blue Value exceeds
the vaJues given below ...:

%MB by weighl
1.0
.7

50 ml or suilable bllnlllll mounled on a Iintion sland.
250 ml or suilable glass beaker.
Magnetic mixer with stir bar or variable speed mixer
capable 01 700 RPM.

2000 gram capacity SClIIe or balan08 I8flsitivetowithin
0.01 gram.

Glass rod 8 nvn Qameler x 250 mm.

leboraloly Iimer or s"p walch.
S"standard US Sieves '200(75mm) and .325(.... mm)
(or olhers as designaled) and pan.
1000 ml wlumelric ftask.

Melhylene Blue - reegenl grade.
DistiDed or deionized water.
Whatman No...0 f~ler paper.

APPARATUS AND REAGENTS

(d)

(e,
(b)
(c)

(e)
(I)
(g)

(h)
(i)
(j)
(1<)

1. SCOPE
This klsl melhod is used ., quantify Ihe IIl1lOUIlt 01 harmllA days of
Ihe lmocli18 group, OflJllniC rnaIIIlr and iron hydroxides present in an
eggmgale. thus giving an overall indeation ollhe surfaoe ectivily or
a g'von eggregal8.

2.

3. PROCEDURE
A representative sample 01 the fine aggregate to be tesled Is dried to
constant weight and ....'"'ned lIvough elth« the '200 Sieve or the
'325 Sieve. The portion 01 lhe eggmgate passing the desired ,levu
is relained lor testing while Ihe balance is discarded. One gram
weighed 10 the neatest.OS gram, 01 the 01.200 or01'325 aggregale
is oombined with 30 grams 01 distilled waler in a suitable beaker end
stilTed unhl thoroughly wei and dispersed, A megtletic stinvr has
boon lound 10 be satisfactory.

One gram 01 Melhylene Blue is dissolved in disblled waler, made up
10 1000 ml so that I ml 01 solution oonlains 1 mg or medlyl_ blue.
This MB solution is titrated Ilopwise in .5 ml Biquoles from Ihe
bure\le inlo Ihe continuaRy stirred fllle aggregale suspension. Alter
each addition 01 MB, stirring is continued lor I mnUle. Aller this lime,
a small drop ollhe aggregale suspension is removed and placed on
Ihe filler paper with the glass rod. Successive additions 01 MB am
repeated untillhe end point is reached.

Initially, a well defined cin:le 01 Methylene Blue-stained OJsI is
formed and is surrounded willl en outer ring or corona 01 clear waler.
The end poinl is reached when a permanenllighl blue coloration or
"halo· is observed in this ring 01 clearwater. When the initial endpoint
is reached, stirring is continued for five mmUles and the lest repealed
10 BScertlin Ihe permanenlendpoinl. Small adcitions 01 Melhylene
Blue are a>ntinued until the 5 minulo permanenl end point is
reached.

·4. REPORT
The Methylene Blue Value or a specific fine aggregale fraclion is

reponed 85 milligrams of Methylene Blue per gram of specific fine
aggregale fraclion; e,g.•

MBV .. 5.5 mglg, 011200, or

MBV .. 4,0 mglg, 0/1325, or

MBV .. 2.3 mglg, 0118. Gle.
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MIXING SEQUENCE SIDE-STUDY

D.I Introduction and Problem Statement

For the purposes ofthis side-study, the three main constituents ofHMA are

defined as "aggregate", "filler", and asphalt binder. "Aggregate" is the inert material

retained on the No. 200 sieve and "filler" is the inert material passing the No. 200 sieve.

Based on these definitions, baghouse fines can typically be placed in the category of

filler. This is not intended to imply that all particles contained within baghouse fines

pass the No. 200 sieve. Baghouse fines can have a wide range in particle sizes.

However, these variations are beyond the scope of this side-study. Stipulating that a

large portion ofbaghouse fines are filler is sufficient.

As alluded to in the Literature Review, baghouse fines are captured on the

outside of filter fabric bags within the baghouse. Cleaning cycles are used to remove

the baghouse fines from these bags. During cleaning, the baghouse fines fall from the

bags into the bottom of the baghouse. At the bottom of the baghouse is an auger chute

that pushes the fines toward the exiting point at the end of the baghouse. This process is

very similar for most baghouses. However, differences do occur in how baghouse fines

are reintroduced into the HMA production process. These differences are unique to the

type ofHMA facility: batch or drum.

Baghouse fines captured at batch plants are typically reintroduced into the HMA

production process at the hot elevator. Within the hot elevator, the baghouse fines are

D.2
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added to the hot aggregate coming from the drying unit. From the hot elevator, both the

baghouse fines and hot aggregate are taken to the screen deck where they are separated

into specific sizes and fall into the hot bins. From each hot bin, certain weights of

aggregate are dropped into the pugmill. Within the pugmill the aggregates are premixed

for a short duration, called "dry" mixing. Next, the asphalt binder is added to the

pugmill for further mixing, ''wet'' mixing. This defines one mixing sequence. The filler

and aggregate are premixed, then the asphalt binder is added.

Drum plants can introduce the baghouse fines in several manners. They can be

augered back to the aggregate conveyor belt or into the drum. They can also be blown

back into the drum. If the fines are blown back into the drum, the point at which they

are introduced is of importance. If the fines are blown into the drum at a point at which

they are not mixed with the asphalt binder, then typically all of the constituents

(aggregate, filler, and asphalt binder) are mixed simultaneously within the drum. If the

fines are blown back at a point in which they are premixed with the asphalt binder, then

the fines and asphalt binder are premixed before being added to the aggregate for final

mixing. This is illustrated in Figure D.l. Another method ofblowing the fines back

into the drum is by using a device called an impinging cone. An impinging cone is a

device by which the asphalt binder and baghouse fines are premixed before being added

back to the drum (Figure D.2). A benefit ofusing an impinging cone is that the

baghouse fines will not be re-entrained into the exhaust gas stream. Based on this

discussion ofdrum plants, two more mixing sequences have been defined. One is in
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<J-t: LIQUID ASPHALT LINE

<J-t: DUST LINE

IMPINGING CONE

Figure D.1: Illustration of Impinging Cone
(UN-13,1991)

which all of the constituents are mixed simultaneously and the other is where the filler

and the asphalt binder are premixed before being added to the aggregate. As can be

seen by this illustration, a study that determines if these three different mixing

sequences affect the final properties of the HMA is needed.

Collected dust
from Fabric Filter

!

Vane Feeder
wllhFlxed

Speed Drive

'" ~ ,........,..;.,\...r==r
From Asphalt

Metering Pump

Convection Coating Zone
of Thermodrum

/

Fines Injection

ASPhall/njecUon

Figure D.2: Illustration of Asphalt Binder and Fines Being Premixed (UN-13,
1991)
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D.2 Objective

The objective of this side-study is to determine ifthe mixing sequence ofHMA

constituents affects the properties of the finished HMA. If differences do occur in the

properties, a mixing sequence must be selected for the SCDOT baghouse fines study.

D.3 Scope

To accomplish the above stated objective, a series ofHMA mixtures were

prepared using different mixing sequences. A total ofeighteen briquettes were

fabricated. This includes one type ofaggregate, one type of filler, two asphalt binders,

three mixing sequences, and three replicates. Laboratory testing of the briquettes

consisted of compacting the specimens with a Superpave Gyratory Compactor (to

evaluate compactibility), determining the bulk. specific gravity (to determine volumetric

properties), and indirect tensile tests at 25°C (to evaluate tensile properties).

D.4 Test Plan

The test plan consisted of fabricating and testing eighteen briquettes. This

included one source of aggregate, one filler, two asphalt binders, three mixing

sequences, and three replicates. The mixing sequences were as follows:

A.
B.

C.

Where:

[ (asphalt + filler) + aggregate]

[asphalt + (filler + aggregate)]

[ asphalt + filler + aggregate]

( ) designates premixed, and

[ ] designates final mixture.
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The aggregate and filler used for this side-study were a 100 percent crushed

granite-gneiss obtained from a quarry near Spartanburg, South Carolina. The two

asphalt binders were a Shell AC-20 and a Citgo AC-20, both ofwhich are used in South

Carolina.

Laboratory work consisted ofbatching the aggregate, filler, and asphalt binder to

the proper weights, premixing the proper constituents , fabricating the briquette

specimens, determining the bulk specific gravity of each specimen, and performing

indirect tensile tests. This is illustrated in Figure D.3.

An SCDOT Type 1B gradation was used for this study. The aggregate and filler

were batched to the proper proportions for 100 mm diameter specimens. The asphalt

binder content used was the optimum asphalt content determined during the baghouse

fines main study (4.3 percent).

Once all of the constituents were batched to the proper proportions, premixing

was accomplished. For mixing sequence A (MSA),premixing ofthe asphalt binder and

filler was accomplished by the same method described in Section 3.3.1 "Mortar

Preparation." For mixing sequence B (MSB), premixing of the aggregate and filler

consisted ofplacing both into a plastic zip-lock bag and shaking vigorously. For mixing

sequence C (MSC), all constituents were placed in the mixing bowl simultaneously.

Final mixing of the constituents consisted ofplacing the premixed portions and

the other constituent in a mixing bowl and mixing for 90 seconds with an automated

mixer.
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Figure D.3: Test Plan for Mixing Sequence Side-Study

Compaction of each specimen was attained with a Superpave Gyratory

Compactor. This method ofcompaction was selected so that the relative compactibility

of each mixing sequence could be determined. The design number of gyrations (Ndes)

was set at 95 revolutions. This corresponds to a maximum number of gyrations (Nmax)

of 150 and an initial number of gyrations (Nini) of 8. Compaction was performed at

150a C for each specimen.
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Relative compactibility of each specimen was calculated from the results of

gyratory compaction. Output from the gyratory compactor consists of the specimen's

height for each gyration. Based on a specimen's height, the percent ofTMD can be

calculated for that height. Compaction curves are presented as the percentage ofTMD

versus the number ofgyrations. When the number of gyrations are plotted on a

logarithmic scale, these curves are essentially a straight line. In-field compactibility can

be represented by the slope of this line between Nmax and Nini • Mixtures that have a

steep slope (higher compactibility value) tend to be more resistant to rutting than

mixtures with a flatter slope.

Once each of the eighteen specimens were fabricated, they were allowed to cool

to room temperature 25°C (77°F). After room temperature was attained, the bulk

specific gravity ofeach specimen was determined. This was done so that the

volumetrics of each briquette could be determined.

Finally, each specimen was subjected to indirect tensile tests (IDT) at 25°C.

This test was performed to determine if the different mixing sequences had any effect

on the tensile properties of the final mixture. The IDT was selected because of the ease

and relative swiftness that the test can be performed.

D.S Test Results

Results of all testing are presented in Table D.I through D.3. Results for mixing

sequence A are presented in Table D.l, while results for mixing sequences Band Care

presented in Tables D.2 and D.3, respectively.
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Table D.1: Test Results for Mixing Sequence A

Asphalt Rep. Bulk TMD VTM VMA VFA SI,kPa €" Slope of
Binder Specific % % % rnm/mm Compaction

Gravity Curve

1 1 2.407 2.492 3.4 15.6 78.2 1090.1 0.0061 6.71

1 2 2.401 2.492 3.7 15.9 76.9 1132.8 0.0068 7.24

1 3 2.410 2.492 3.3 15.5 78.9 1212.1 0.0068 6.82
, '" CJ,

,
C'_" "

'.Rep.~vel1lge ','<' 2.406 '2/492 ',,' 35> 'i15/7' ""78;0 1145,,0 0.0065 692

2 1 2.395 2.478 3.4 16.1 79.0 1149.4 0.0063 7.08

2 2 2.403 2.478 3.0 15.8 80.8 1332.1 0.0072 7.14

2 3 2.400 2.478 3.2 15.9 80.2 1183.9 0.0068 7.31

Rep. A"erage
f

' 2;:478 "'3~2 1"'~·i
',.,

1221.8''2.399 .gO;O' 0.0068 ' 7.18
',' ~7,'"

Overall Avg. 2.403 2.485 3.3 15.8 79.0 1183.4 0.0067 7.05

Table D.2: Test Results for Mixing Sequence B

Asphalt Rep. Bulk TMD VTM VMA VFA SI,kPa €l' Slope of
Binder Specific % % % rnm/mm Compaction

Gravity Curve

1 1 2.421 2.492 2.9 15.2 81.1 1206.6 ••• 6.46

1 2 2.412 2.492 3.2 15.4 79.3 1123.9 0.0063 6.53

1 3 2.427 2.492 2.6 14.9 82.5 1199.0 0.0068 6.47

'.""'",,.,.,

'",' .
,,2.~'~ ...•• ,'15.2 .;81.0Rep.Av~ge

,,'
:2.420 .. 2;492< 1176.5' 0.0065 6.49

2 1 2.412 2.478 2.7 15.5 82.7 1214.2 0.0059 6.81

2 2 2.409 2.478 2.8 15.6 82.0 1269.4 0.0061 6.80

2 3 2.409 2.478 2.8 15.5 82.2 1406.6 0.0061 6.52

'Rep. Average

".,'"

""'",,;2.410, 2.478 1",·",,"¥;8' 15:5, """,,82;3 1296/7 0;0060 6.71
,

all Avg. 2.415 2.478 2.8 15.4 81.6 1236.6 0.0063 6.60
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Table D.3: Test Results for Mixing Sequence C

Asphalt Rep. Bulk TMD VTM VMA VFA SI' kPa EI, Slope of
Binder Specific % % % mmlmm Compaction

Gravity Curve

1 1 2.416 2.492 3.0 15.3 80.1 1191.5 0.0068 6.67

1 2 2.416 2.492 3.0 15.3 80.2 1241.1 0.0061 6.45

1 3 2.415 2.492 3.1 15.3 80.0 1141.1 0.0061 6.70

................ 1.2 .492
'. ....

80.1 0.0063·····Rep. Average 2.416 ....<. 3,0 15;3 1191.2 6.61..

2 1 2.393 2.478 3.4 16.1 78.8 1201.1 0.0063 7.08

2 2 2.404 2.478 3.0 15.7 80.9 1159.0 0.0075 6.52

2 3 2.402 2.478 3.1 15.8 80.6 1262.5 0.0063 7.00
.

·.L·2~400:. 2W78' '~.'t.<
.....

Rep. Average ;'·80d' .1207.S . 0.0007 .. 6;87

IOverall Avg. I2.408 I2.485 I3.1 I15.6 I80.1 I1199.4 I0.0065 I6.74 I

D.5 Analysis

The objective of this study was to detennine the effects of mixing sequence on

HMA properties. To accomplish this, each of the obtained properties were analyzed

statistically. This was accomplished by using an ANDVA. The ANDVA was

perfonned at a level of significance of 0.05.

Table DA presents the results of the analyses for each of the obtained properties.

This table presents the F-value and Fcrit for each property. Based on the analyses, each

of the volumetric properties (VTM, VMA, and VFA) as well as the compactibility

(slope ofcompaction curve) showed significant differences between mixing sequences.

However, neither property determined during indirect tensile testing showed significant

differences.
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Table D.4: Results of ANOVA for Mixing Sequence

Property F-value Fcnt Significant Difference?

VTM 9.70 3.68 Yes

VMA 3.99 3.68 Yes

VFA 7.33 3.68 Yes

Tensile Strength at Failure 0.73 3.68 No

Tensile Strain at Failure 1.28 3.74 No

Compactibility 6.56 3.68 Yes

For the four obtained properties that did show significant differences, a DMRT

was performed to rank each mixing sequence. Tables D.5 through D.8 present these

rankings.

Table D.5: DMRT Rankings for VTM

~,..
:;'''i"ence AverageV1M DMRT Ranking*

A 3.3 A

C 3.1 A

B 2.8 B

* Averages with the same letter are not significantly different



D.12

Table D.6: DMRT Rankings for VMA

Mixing Sequence AverageVMA DMRT'"' ,.

A 15.8 A

C 15.6 AB

B 15.4 B

* Averages with the same letter are not significantly different

Table D.7: DMRT Rankings for VFA

I Mixing Sequence I AverageVTM I DMRT Ranking* I
B 81.7 A

C 80.0 B

A 79.0 B

* Averages with the same letter are not significantly different

Table D.S: DMRT Rankings for Compactibility

I Mixing Sequence I AverageVTM I DMRTRanking* I
A 7.05 A

C 6.74 B

B 6.60 B

* Averages with the same letter are not significantly different
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D.6 Conclusions

Based on this investigation, it was determined that the mixing sequence in which

the constituents of a HMA mixture are blended can affect the final properties ofthe

mixture. Properties that were significantly affected include VTM, VMA, VFA, and

compactibility. However, it was also determined that the tensile properties, based on

the indirect tensile test, were not significantly affected.

The significance of these findings, as they relate to the NCAT South Carolina

baghouse fines study, is that a particular mixing sequence must be selected. Ifno

differences were determined, then any of the mixing sequences could be utilized.

When fabricating briquettes in the laboratory, it is typical to batch both the filler

and aggregate together and then add the asphalt binder. Therefore, the filler and

aggregate are premixed. For batch plants, this is sufficient. However, this would not

simulate what is happening at drum plants. Recall that at drum plants, baghouse fines

and the asphalt binder are typically added in a manner in which the baghouse fines and

asphalt binder are premixed. Since approximately half ofHMA producing facilities are

now drum plants and most of the new facilities being manufactured are drum plants,

mixing sequence A was selected as the method ofmixing the constituents for the

baghouse fines study.

Reference

UN-13 (CEMP-ET), Hot-Mix Asphalt Paving Handbook, 31 July 1991, US Army
Corps ofEngineers.
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PLANT EQUIPMENT AND OPERATIONS

Contractor, Plant, and Assigned Plant Number

CONTRACTOR PLANT PLANT NO

APAC Conway 01

APAC Florence 02

APAC Georgetown 03

Ashmore Greer 04

Banks Charleston 05

J.F. Cleckley Orangeburg 06

J.F. Cleckley Ridgeland 07

REA Construction Greelyville 08

REA Construction Ridgeland 09

REA Construction Rockhill 10

Sanders Brothers I Summerville 11

Sanders Brothers II Summerville 12

Sloan Construction Columbia 13

Sloan Construction Sandy Flat I 14

Sloan Construction Sandy Flat II 15

Vulcan Materials Anderson 16

Vulcan Materials Lyman 17

Vulcan Materials Pacolet 18
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Plant No.1

Type Plant: Double-barrel Drum

Manufacturer ofbaghouse: Astec

Type Primary Collector: Horizontal Cyclone

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 2100 F

Type Aggregate: Granite

Age of Filter Bags: 1 yr

Type Fuel: Natural Gas

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags:

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

7/19/94 7/22/94 10/25/95 11/13/95 11/15/95

Start-up 7:45 8:00

A.M. 10:40 7:55 7:30 9:30 9:00

A.M. 9:30 9:00 11:00 10:30

A.M. 11:40 11:30

P.M. 15:15 15:30 13:15 12:30 12:30

P.M. 16:55 14:30 15:30 13:30

P.M. 14:30

NOTE:

Primary Dust Handling: The primary fmes were collected at the bottom of the horizontal cyclone and
then added to the baghouse fines in an auger chute located at the bottom ofthe
cyclone.

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse in
an auger chute, where they were added back to the primary fmes
underneath the cyclone. The combined baghouse and primary fmes
were then added to the outside barrel of the drum before blending
with the mixture.

Location of Sample(s): The primary fmes could not be directly sampled, therefore a combined sample
ofprimary and baghouse fmes was obtained from the auger chute leading
from the bottom of the cyclone to the outside drum of the plant. The baghouse
fmes were obtained from the bottom of the baghouse.
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Plant No.2

Type Plant: Drum

Manufacturer of baghouse: Cedar Rapids

Type Primary Collector: Vertical Cyclone

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 2800

Type Aggregate: Granite

Age of Filter Bags: 8 mo

Type Fuel: Recycled Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

7/7/94 7/8/94 7/11/94 7/12/94 7/13/94

Start-up 9:05 7:50

A.M. 10:25 8:45 7:25 7:50 10:05

A.M. 11:45 10:05 9:25 9:15 11:30

A.M. 11:20 10:30

P.M. 13:45 13:00 12:10 13:00

P.M. 15:15 14:10 15:35 14:15

P.M. 16:45 16:45

NOTE: At the time of sampling, there were holes in the duct-work leading from the drum to the cyclone
and the cyclone. Material was being lost from both of these openings. The duct-work leading
from the drum to the cyclone was unusually long, approximately 75 to 100 feet.

Primary Dust Handling: The primary fmes were collected at the bottom of the vertical cyclone, which
is approximately 10 feet in the air. The fmes then fell by gravity into a auger
chute that contained the baghouse fmes.

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse
where they were removed by an auger chute. The primary fmes were
added to the baghouse fmes in the auger chute and both were sent to
the drum via this auger chute. The fmes were added back to the drum
at a point behind the flame.

Location of Sample(s): The primary fmes were obtained from a hole that was cut into the bottom of
the auger chute at a point past where the baghouse fmes were introduced. The
baghouse fmes were obtained in a similar manner at a point before the
introduction of the primary fmes.

•
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Plant No. 3

Type Plant: Double-barrel Drum

Manufacturer ofBaghouse: Astec

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 280°F

Type Aggregate: Granite

Age ofFilter Bags: 5 yrs

Type Fuel: #2 Diesel

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags: 18 oz Aramid

Rated Production: 334

•

Sampling Times

Time of DATE
Day

10/17/95 10/18/95 10/19/95 10/24/95

Start-up

A.M. 8:00 8:30 9:00 9:30

A.M. 9:30 10:00 10:30 11:00

A.M. 11:00 11:30 12:30 pm 13:00 pm

P.M. 12:30 13:00 14:00 14:00

P.M. 14:00 14:30 15:30 15:00

P.M. 15:30 15:45 16:15 16:00

NOTE:

Primary Dust Handling: N/A

Secondary Dust Handling: The fmes were collected at the bottom of the baghouse and augered
to the outside drum..

Location ofSample(s): The sample was taken from the bottom of the baghouse.
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Plant No.4

Type Plant: Drum

Type Secondary Collector: Baghouse

Type Primary Collector: N/A

Nonnal Temperature in Baghouse: 315°F

Type Aggregate: Granite

Age of Filter Bags: 2 yrs

Type Fuel: Natural Gas

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

6/3/96 6/4/96 6/5/96 6/6/96

Start-up

A.M. 9:30 9:00 8:55 8:00

A.M. 10:30 10:45 9:55 10:30

A.M. 11:55 11:00

P.M. 13:30 11:55 am 15:30

P.M. 14:30 1:30

P.M. 2:30

NOTE:

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse
before being blown pneumatically into the drum.

Location of Sample(s): The contractor placed a "T' connection on the pneumatic line running from
the baghouse to the drum. On this connection a valve was placed to divert the
baghouse fines into a container. The baghouse fme samples were sampled
from this container.
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Plant No.5

Type Plant: Double-barrel Drum Age of Filter Bags: 5'h yrs

Manufacturer of Baghouse: Aztec

Type Primary Collector: Vertical Cyclone

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 250°F

Type Aggregate: Granite

Type Fuel: Natural Gas

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

7/25/94 7/26/94 7/28/94 8/4/94 8/8/94 8/9/94 8/10/94 8/11/94

Start-up 7:20 8:05

A.M. 10:15 9:05 7:25 9:10 10:10

A.M. 11:45 10:50 9:00 10:35

A.M.

P.M. 15:40 12:30 14:15 16:00 12:10 14:10 12:35

P.M. 13:50 13:35 15:30

P.M. 15:05 16:05 16:40

NOTE: The auger chute leading from the baghouse to the outside drum had holes cut into the top of the
chute. A big rain fell the night of 8/9/94. When sampling the next morning, the chute was full
of water. The baghouse fmes within the chute were sticking together. This occurred for the
8:05 sample of the 11th• However, this problem did not show up for the 12:35 sample.

Primary Dust Handling: The primary fines were collected in the bottom of the vertical cyclone and
gravity fed to a chute which combines the primary and baghouse fmes at the
outer drum

Secondary Dust Handling: The baghouse fmes were collected in the baghouse and augered to the
outside drum. The baghouse fines were added to the primary fmes at a
portal located on the outside barrel.

Location of Sample(s): The primary fmes were obtained from a cleaning portal located at the bottom of
the cyclone. The baghouse fmes were obtained from the auger chute leading
from the baghouse to the drum.
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Plant No.6

Type Plant: Drum

Manufacturer of Baghouse: Gencor-Biturna

Type Primary Collector: Knockout Box

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 310

Type Aggregate: Granite

Age of Filter Bags: 1 wk to 8 yrs

Type Fuel: #5 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 300 tph

Sampling Times

Time of DATE
Day

6/28/94 6/29/94 6/30/94 7/1/94 9/1/94 9/2/94 9/6/94

Start-up 7:55 7:45 7:30 6:35

A.M. 8:20 8:55 8:00 8:50 7:55 7:35

A.M. 9:55 10:10 10:10 9:25 9:00

A.M. 11:25 11:25 10:35

P.M. 13:15 13:50 12:45 12:15

P.M. 14:30

P.M. 16:25

NOTE:

Primary Dust Handling: The primary fmes fall onto the mix at the end of the drum.

Secondary Dust Handling: The baghouse fines were collected in the bottom of the baghouse and
sent through a rotary air-lock to the drum. The fmes were introduced
on the end of the drum opposite the flame.

Location of Samp1e(s): The primary fmes could not be sampled. The baghouse fmes were sampled
from the bottom of the baghouse.
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Plant No.7

Type Plant: Batch

Manufacturer of Baghouse: Estee

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 300°F

Type Aggregate: Granite

Age of Filter Bags: 2 yrs

Type Fuel: #5 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags: Nomex

Rated Production: 300 tph

Sampling Times

Time of DATE
Day

6/20/94 6/21/94 6/22/94 6/23/94 7/14/94 7/15/94

Start-up 7:25 7:15

A.M. 9:25 9:45 8:40 10:30 8:35

A.M. 10:45 11:30 10:00 10:05

A.M. 11:15

P.M. 13:00 12:45 14:00 12:45

P.M. 15:00 14:30 14:15

P.M. 16:45 16:00

NOTE:

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse and
augered to the hot elevator by an auger chute.

Location ofSample(s): The baghouse fines were sampled from the auger leading from the baghouse
to the hot elevator.
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Plant No. 8

Type Plant: Drum

Manufacturer of Baghouse: Astec

Type Primary Collector: Knockout Box

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 330°F

Type Aggregate: Granite

Age of Filter Bags: 1 yr

Type Fuel: #2 Diesel

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 300 tph

Sampling Times

Time of DATE
Day

4/15/96 4/16/96 4/17/96 4/18/96 5/1/96 5/7/96 5/8/96 5/9/96

Start-up 7:50

A.M. 10:45 7:55 8:00 10:00 10:30 9:55

A.M. 11:20 10:55

A.M. 11:35

P.M. 13:55 12:00 12:55 13:40 13:46 12:45 12:15 11:15

P.M. 15:45 13:15 12:15

P.M. 17:00 14:15 15:15

NOTE:

Primary Dust Handling: The knockout box was located above the baghouse. The primary fmes fall
into an auger that contained the baghouse fmes.

Secondary Dust Handling: The baghouse fmes were collected at the bottom of the baghouse.
From there an auger took the baghouse fines to the drum.

Location of Sample(s): The knockout box could not be sampled. Samples of the baghouse fmes were
obtained from the bottom of the baghouse.
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Plant No.9

Manufacturer ofBaghouse: Astec

Type Plant: Double-Barrel Drum

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 230/270°F

Type Aggregate: Granite

Type Primary Collector: Horizontal Cyclone

Age ofFilter Bags: 8 months

Type Fuel: # 5 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags:

Rated Production: 300 tph

Sampling Times

Time of DATE
Day

8/13/96 8/14/96 8/15/96 8/16/96

Start-up 7:45 7:30 8:30

A.M. 10:45 8:45 8:30 10:00

A.M. 11:50 9:45 11:25

A.M. 10:45

P.M. 14:45 12:30 13:45 15:30

P.M. 15:45 13:30 15:00 16:30

P.M. 16:45 14:30

NOTE:

Primary Dust Handling: The primary fmes were collected at the bottom of the cyclone. The fines were
then augered to another auger chute where they were combined with the
baghouse fines.

Secondary Dust Handling: The secondary fmes were collected at the bottom of the baghouse and
sent to an auger chute where they were combined with the primary
fmes before being sent to the outside drum.

Location of Sample(s): The primary fines were sampled in the auger chute underneath the cyclone.
The baghouse fmes were sampled prior to being added to the primary fmes.
An additional combined primary and baghouse fmes sample was obtained
after the two were combined and before being added to the drum.
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Plant No. 10

Type Plant: Batch Age of Filter Bags: Yz to 3 yrs

Manufacturer of Baghouse: Type Fuel: Natural Gas

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 290°F

Type Aggregate: Granite

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags:

Rated Production: 250 tph

Sampling Times

Time of DATE
Day

7/17/96 7/18/96 7/23/96 7/24/96 7/25/96

Start-up 8:30 8:00 9:00 7:30

A.M. 7:30 9:30 9:00 10:00 8:30

A.M. 8:30 10:30 10:00 11:00 9:30

A.M. 9:30 11:30 11:00

P.M. 11:00 am 12:30 12:00

P.M. 13:30 13:00

P.M. 14:30 15:30

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse
before being augered back to the hot elevator.

Location ofSample(s): The baghouse fmes were sampled from the chute leading from the baghouse to
the hot elevator.
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Plant No. 11

Type Plant: Drum

Manufacturer of Baghouse: CMI

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 220°F

Type Aggregate: Granite

Age of Filter Bags: I~ yrs

Type Fuel: Propane

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags: Nomex

Rated Production: 300 tph

Sampling Times

Time of DATE
Day

8/2/94 8/3/94 8/4/94 8/5/94 8/8/94 8/10/94 8/11/94

Start-up 6:30 7:15

A.M. 6:50 7:15 7:45 9:10 8:35 8:35 9:30

A.M. 8:25 9:50 9:00 10:15 11:05

A.M. 10:50 11:45 10:30 11:30

P.M. 12:40 12:00 14:10 12:00

P.M. 15:20 13:30

P.M.

NOTE: This plant had mechanical problems with the baghouse while on-site. The rotary air-lock
malfunctioned numerous times.

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fines were collected in the bottom ofthe baghouse and
sent to the drum through a rotary air-lock. The fines were blown into
the drum at the opposite end of the drum from the flame.

Location of Sample(s): The baghouse fmes were sampled from the bottom of the baghouse.
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Plant No. 12

Type Plant: Drum

Manufacturer of Baghouse: CMI

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 220/230°F

Type Aggregate: Granite

Age of Filter Bags: 3 mo

Type Fuel: Propane

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags: Cloth

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

5/19/96 5/20/96 5/21/96 5/22/96 5/23/96

Start-up

A.M. 12:50 1:30 1:50 2:20

A.M. 3:00 2:30 2:55 3:20

A.M. 18:30 pm 20:25 pm 19:45 4:00

P.M. 11:20 17:05 21:30 21:00 4:20am

P.M. 22:00 22:30 22:00 5:00am

P.M. 23:15 23:30 23:00

NOTE: This plant utilized a storage pod between the baghouse and the reintroduction point at the drum.
This pod allowed the fmes to be introduced in a uniform manner. Excess baghouse fmes could
be wasted over the top of the pod.

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse in
an auger chute. From the baghouse, the fmes were augered to a
storage pod. From the pod, the fmes were augered to the drum.

Location ofSample(s): The baghouse fme samples were obtained from the wasting point above the
storage pod.
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Plant No. 13

Type Plant: Batch

Manufacturer of Baghouse: Astec

Type Primary Collector: Horizontal Cyclone

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 240°F

Type Aggregate: Granite

Age of Filter Bags: 1 mo

Type Fuel: # 5 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 200 tph

Sampling Times

Time of DATE
Day

8/22/94 8/23/94 8/24/93 8/25/94 8/26/94 8/29/94

Start-up 6:50 7:15

A.M. 8:15 7:20 9:15 7:00 8:50 9:00

A.M. 9:35 9:00 10:15 10:30

A.M. 10:45 11:05 11:45

P.M. 12:20 12:40 12:00

P.M. 13:50 15:40 13:30

P.M. 15:30 17:20 16:30

Primary Dust Handling: The primary fmes were collected at the bottom ofthe horizontal cyclone and
gravity fed to an auger chute which contained the baghouse fines.

Secondary Dust Handling: The baghouse fines were collected in the bottom of the baghouse and
augered through a chute which combined the primary fines and
baghouse fmes. Both fines were then augered to the hot elevator.

Location ofSample(s): The primary fmes could not be sampled. The baghouse fmes were sampled
from the bottom of the baghouse. Because the primary fmes could not be
sampled, a combined sample ofprimary and baghouse fmes was obtained
from the auger chute leading to the hot elevator.
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Plant No. 14

Type Plant: Batch

Manufacturer of Baghouse: Barber-Greene

Type Primary Collector: Knockout Box

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 245°F

Type Aggregate: Granite

Age ofFilter Bags: I yr

Type Fuel: #4 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags:

Rated Production: 325 tph

Sampling Times

Time of DATE
Day

9/7/94 9/8/94 9/9/94 8/29/95 8/30/95 8/31/95 9/1/95

Start-up 7:45

A.M. 11:40 9:25 8:55 8:45 8:00 7:45

A.M. 11:05 10:05 10:00 10:45

A.M. 13:20 pm 11:30

P.M. 13:55 14:40 13:05 12:40

P.M. 15:30 16:00 14:30 14:45

P.M. 17:30 15:00 17:00

NOTE: This plant was originally a 3-ton batch plant but was modified with a rotary mixer to act as a
drum.

Primary Dust Handling: The primary fmes were collected just above the hot elevator. They were
captured in the knockout box and fell through a chute into the hot elevator.

Secondary Dust Handling: The baghouse fines were collected in the bottom of the baghouse and
subsequently augered to the hot elevator.

Location of Sample(s): The primary fmes could not be sampled. The baghouse fmes were sampled at
a cleaning portal on the auger chute leading from the baghouse to the hot
elevator.
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Plant No. IS

Type Plant: Batch

Manufacturer of Baghouse: Barber-Greene

Type Primary Collector: Knockout Box

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 245°F

Type Aggregate: Granite

Age of Filter Bags: 2 yrs

Type Fuel: #4 Waste Oil

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 325 tph

Sampling Times

Time of DATE
Day

6/2/96 6/3/96 6/4/96 6/5/96 6/6/96

Start-up 8:15 8:00 8:00

A.M. 9:30 9:00 9:40 9:00 8:00

A.M. 10:30 10:00 10:40 10:00 10:00

A.M. 11:30 11:00 11:40

P.M. 12:40 12:20 12:40

P.M. 13:40 13:20 13:40

P.M. 15:00 14:40

NOTE: This plant was originally a 3-ton batch plant but was modified with a rotary mixer to act as a
drum.

Primary Dust Handling: The primary fmes were collected just above the hot elevator. They were
captured in the knockout box and fell through a chute into the hot elevator.

Secondary Dust Handling: The baghouse fines were collected in the bottom ofthe baghouse and
subsequently augered to the hot elevator.

Location ofSamp1e(s): The primary fmes could not be sampled. The baghouse fmes were sampled at
a cleaning portal on the auger chute leading from the baghouse to the hot
elevator.
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Plant No. 16

Type Plant: Drum

Manufacturer of Baghouse: Estee

Type Primary Collector: Cyclone

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 250°F

Type Aggregate: Granite

Age of Filter Bags:

Type Fuel: Diesel

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: 100

Fabric Used For Bags: Nomex

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

8/14/95 8/15/95 8/16/95 8/17/95 8/18/95

Start-up 7:00 7:00 7:00

A.M. 8:40 7:05 7:06 7:10

A.M. 9:30 7:53 8:10 9:10

A.M. 11:50 9:30

P.M. 15:45 13:20 13:15 10:15 am

P.M. 14:03

P.M.

Primary Dust Handling: The primary fines were collected at the bottom of the cyclone and fed to an
auger chute that contained the baghouse fmes.

Secondary Dust Handling: The baghouse fines were collected at the bottom of the baghouse.
The fines were then augered to a point where they were combined
with the primary fmes and subsequently augered to the drum.

Location of Samp1e(s): The primary fines could not be sampled. The baghouse fmes were sampled at
the end of the baghouse right before entering the auger chute.
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Plant No. 17

Type Plant: Drum

Manufacturer of Baghouse: Astec

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Normal Temperature in Baghouse: 230°F

Type Aggregate: Granite

Sampling Times

Age of Filter Bags: 1 mo

Type Fuel: #2 Diesel

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags:

Rated Production: 400 tph

Time of DATE
Day

11/7/94 11/8/94 11/9/94 11/11/94 11/14/94 11/15/94

Start-up 9:00 8:20

A.M. 8:30 7:00 9:45 8:50 11:30 7:30

A.M. 9:45 8:00 10:45 9:30 8:30

A.M. 11:15 10:00 11:40 9:35

P.M. 11:00 am 13:15 9:40am

P.M. 12:15 14:00 9:45 am

P.M. 13:20 14:50 9:50am

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse and
subsequently augered to the drum.

Location ofSample(s): The baghouse fme sample was obtained from the auger chute leading from the
baghouse to the drum.
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Plant No. IS

Type Plant: Drum

Manufacturer of Baghouse: Gencor

Type Primary Collector: N/A

Type Secondary Collector: Baghouse

Nonnal Temperature in Baghouse: 280°F

Type Aggregate: Granite

Age of Filter Bags: 2 yrs

Type Fuel: #2 Diesel

% Baghouse Dust Returned To Mix: 100

% Primary Dust Returned To Mix: N/A

Fabric Used For Bags:

Rated Production: 400 tph

Sampling Times

Time of DATE
Day

4/25/95 4/26/95 4/27/95 6/27/95 6/28/95

Start-up 7:00 6:30 7:00

AM. 8:50 8:30 7:00 10:40 8:30

AM. 10:05 8:20 11:40 10:40

AM. 11:15 10:35

P.M. 13:15 12:15 11:50 am 13:40

P.M. 14:40 15:19

P.M. 16:20

Primary Dust Handling: N/A

Secondary Dust Handling: The baghouse fmes were collected in the bottom of the baghouse and
subsequently augered to the drum.

Location ofSample(s): The baghouse fme samples were obtained from the auger chute leading from
the baghouse to the drum.
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Table F.I: Results ofParticle Size Analyses for Plant No.1

Sample Description Results of Particle Size Analyses

Sample Type Mean DIO, D30, D60, Cu % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/rnl

1 Baghouse 42.1 3.9 15.6 37.3 9.63 5.10 5.12 6574

1 Combined 94.8 7.3 30.5 8604 11.92 3.28 6.23 4254

2 Baghouse 41.6 3.7 15.0 36.3 9.76 5.25 5.07 6745

2 Combined 111.7 8.0 32.8 89.8 11.26 3.24 6.30 4120

3 Baghouse 48.3 3.7 16.8 42.1 11.36 5.52 5.27 6669

3 Combined 139.2 lOA 43.0 116.8 11.19 2.85 6.60 3558

4 Baghouse 47.0 3.7 16.2 40.7 11.10 5.51 5.22 6728

4 Combined 151.6 9.1 40.2 117.5 12.92 3.12 6.52 3808

5 Baghouse 47.9 3.8 17.1 41.8 10.90 5.39 5.27 6564

5 Combined 160.5 12.0 50.2 131.0 10.88 2.68 6.74 6294

6 Baghouse 48.0 4.0 17.2 42.0 10.43 5.10 5.29 6364

6 Combined 130.2 10.8 43.4 118.2 10.96 2.80 6.61 3502

7 Baghouse 48.6 4.1 17.6 42.4 10.48 5.12 5.31 6346

7 Combined 137.6 9.0 39.0 111.2 12.41 3.22 6.49 3904

8 Baghouse

8 Combined

9 Baghouse 174.8 9.3 42.6 130.0 14.0 6.58 3786

9 Combined

10 Baghouse

10 Combined

11 Baghouse 159.2 5.3 30.5 101.8 19.03 6.22 5041

11 Combined

12 Baghouse 205.1 11.0 53.1 160.1 14.57 6.77 333.8

12 Combined
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Table F.I: Results ofParticle Size Analyses for Plant No. I

Sample Description Results of Particle Size Analyses

Sample Type Mean D.o, D3o, D60, Cu % FM Specific
No. Sample Particle Ilm Ilm Ilm Clay Surface Area,

Size, Ilm cm2/ml

13 Baghouse 233.0 12.6 54.1 167.0 13.75 6.81 3095

13 Combined

14 Baghouse 202.2 11.7 52.7 154.4 13.8 6.77 3347

14 Combined

15 Baghouse 177.2 7.1 33.6 118.1 16.54 6.36 4291

15 Combined

16 Baghouse 110.0 13.0 53.8 149.4 11.47 6.82 2942

16 Combined

17 Baghouse 218.8 11.6 62.1 184.7 15.94 6.87 3185

17 Combined

18 Baghouse 169.9 12.2 52.4 144.6 11.81 6.78 3210

18 Combined

19 Baghouse 137.4 5.5 32.1 106.5 19.19 6.28 4897

19 Combined

20 Baghouse 136.2 8.5 34.8 101.5 11.99 6.39 3885

20 Combined

21 Baghouse 185.3 13.8 59.6 156.4 11.35 6.89 2959

21 Combined

22 Baghouse 156.6 12.4 49.9 130.7 10.56 6.74 3300

22 Combined

23 Baghouse 155.5 14.4 56.3 135.2 9.36 6.86 3057

23 Combined



FA

Table F.2: Results of Particle Size Analyses for Plant No.2

Sample Description Results of Particle Size Analyses

Sample Type Mean D\o, D30, D60, Cu % FM Specific
No. Sample Particle ~m ~m ~m Clay Surface Area,

Size, ~m cm2/ml

1 Baghouse 39.6 2.4 10.2 30.3 12.58 8.10 4.69 9132

1 Combined 302.5 21.4 73.7 205.5 9.62 2.06 7.11 2470

2 Baghouse 37.0 2.4 10.0 29.3 12.04 7.99 4.65 9120

2 Combined 254.3 13.3 60.6 169.1 12.74 2.49 6.89 3021

3 Baghouse 33.0 2.2 8.7 25.8 11.74 8.96 4.66 9994

3 Combined 265.0 7.3 42.8 159.0 21.75 3.48 6.55 4046

4 Baghouse 28.6 1.8 6.6 21.6 11.82 11.15 4.15 11784

4 Combined 221.4 5.7 33.8 122.1 21.27 4.10 6.34 4684

5 Baghouse 34.7 2.2 9.2 27.5 12.41 8.89 4.54 9835

5 Combined 186.8 5.0 30.9 112.2 22.31 4.53 6.24 5073

6 Baghouse 30.2 2.1 8.1 23.8 11.43 9.55 4.32 10533

6 Combined 131.6 4.4 23.9 94.7 21.69 4.81 6.03 5526

7 Baghouse 41.2 2.5 11.1 33.2 13.18 7.78 4.83 8758

7 Combined 206.1 7.2 39.6 132.6 18.53 3.65 6.48 4220

8 Baghouse 39.5 2.5 10.6 32.4 13.23 7.98 4.77 8965

8 Combined 230.0 8.7 45.6 142.2 16.36 3.20 6.61 3784

9 Baghouse 38.3 2.5 10.4 30.8 12.54 7.93 4.72 9002

9 Combined 260.4 8.3 46.3 157.3 18.91 3.24 6.62 3804

10 Baghouse 120.8 2.5 11.2 35.6 14.09 7.74 4.95 8618

10 Combined 219.7 7.0 36.7 129.8 18.58 3.50 6.43 4189

11 Baghouse 37.8 2.6 10.6 31.1 12.14 7.56 4.74 8755

11 Combined

12 Baghouse 30.7 2.1 8.1 24.1 11.43 9.42 4.35 10431

12 Combined 106.8 4.5 24.4 89.0 19.65 4.66 6.02 5425
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Table F.2: Results of Particle Size Analyses for Plant No.2

escription Results of Particle Size Analyses

Sample Type Mean D lo, D3o, D60, Cu % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/ml

13 Baghouse 35.3 2.2 9.0 27.0 12.13 8.85 4.52 9844

13 Combined 129.6 5.2 28.5 98.2 18.84 4.25 6.17 4982

14 Baghouse 35.8 2.4 10.0 29.4 12.10 8.03 4.65 9155

14 Combined 248.1 10.7 48.9 175.5 16.48 2.38 6.73 3130

15 Baghouse 36.7 2.4 10.0 29.6 12.13 7.97 4.67 9106

15 Combined 145.7 5.1 27.5 101.1 19.86 4.27 6.15 5021

16 Baghouse 33.4 2.4 9.5 27.2 11.51 8.27 4.54 9441

16 Combined 127.2 5.2 28.6 97.1 18.81 4.30 6.17 5017

17 Baghouse 35.7 2.4 9.7 29.1 12.35 8.33 4.63 9374

17 Combined 275.0 10.2 58.9 189.0 18.48 2.86 6.81 3369

18 Baghouse 35.6 2.5 9.9 28.2 11.45 7.88 4.61 9111

18 Combined 145.3 5.7 29.6 101.1 17.72 3.92 6.22 4713

19 Baghouse 276.8 5.6 35.7 233.2 41.50 4.10 6.45 4582

19 Combined 174.8 10.4 51.8 140.8 13.46 3.10 6.73 3583

20 Baghouse 92.4 2.3 9.4 30.2 13.37 8.72 4.72 9542

20 Combined 141.8 5.3 30.1 99.1 18.82 4.34 6.21 4986

21 Baghouse 34.5 2.4 9.6 27.1 11.18 8.01 4.55 9269

21 Combined 239.6 7.0 38.7 135.5 19.32 3.55 6.46 4179

22 Baghouse 29.6 2.2 8.2 23.3 10.67 9.01 4.32 10209

22 Combined 119.6 5.7 29.9 97.7 17.03 3.94 6.22 4728

23 Baghouse 33.5 2.5 9.7 26.7 10.78 7.80 4.54 9142

23 Combined 145.3 6.4 30.0 100.6 15.82 3.48 6.25 4401

24 Baghouse 37.1 2.8 11.3 31.7 11.45 6.94 4.79 8284

24 Combined 210.6 8.2 39.1 139.4 17.05 2.93 6.52 3737
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Table F.3: Results of Particle Size Analyses for Plant No.3

Sample Description Results of Particle Size Analyses

Sample Type Mean D\o, D30, D60, Cu % FM Specific
No. Sample Particle Ilm Ilm Ilm Clay Surface Area,

Size, Ilm cm2/ml

1 Baghouse 245.6 9.5 46.1 189.2 19.89 2.74 6.67 3430

2 Baghouse 276.4 12.3 63.1 223.9 18.23 2.66 6.89 3125

3 Baghouse 264.3 13.1 70.6 233.2 17.75 2.52 6.95 2972

4 Baghouse 240.9 10.5 54.9 195.9 18.60 2.86 6.78 3385

5 Baghouse 253.0 14.7 72.1 217.5 14.82 2.37 6.99 2833

6 Baghouse 218.6 10.6 55.3 182.2 17.14 2.79 6.79 3343

7 Baghouse 175.1 9.1 44.2 153.3 16.89 2.90 6.62 3600

8 Baghouse 196.9 9.4 47.4 157.4 16.77 3.10 6.67 3660

9 Baghouse 194.7 9.2 41.0 149.1 16.26 2.77 6.57 3552

10 Baghouse 230.8 12.8 59.0 189.8 14.84 2.24 6.87 2885

11 Baghouse 202.8 11.3 56.7 175.5 15.59 2.83 6.81 3331

12 Baghouse 213.0 11.2 58.2 182.6 16.36 2.87 6.82 3345

13 Baghouse 216.0 10.4 56.1 185.8 17.80 2.73 6.79 3310

14 Baghouse 189.4 9.8 45.6 148.1 15.06 2.78 6.65 3475

15 Baghouse 203.6 9.8 47.6 166.5 17.04 2.84 6.68 3482

16 Baghouse 152.6 6.3 30.2 111.7 17.79 3.66 6.27 4479

17 Baghouse 166.3 6.4 29.5 116.3 18.20 3.54 6.26 4403

18 Baghouse 244.1 10.5 46.1 172.7 16.43 2.49 6.68 3237

19 Baghouse 176.6 8.5 41.3 134.1 15.70 3.26 6.55 3890

20 Baghouse 240.7 11.0 54.3 166.8 15.23 2.86 6.78 3379

21 Baghouse 238.3 11.6 60.8 197.8 17.02 2.66 6.86 3179

22 Baghouse 238.9 10.7 52.0 183.6 17.24 2.84 6.75 3386

23 Baghouse 237.3 11.8 57.8 187.8 15.97 2.71 6.83 3225

24 Baghouse 228.0 12.2 61.1 198.6 16.28 2.67 6.87 3157
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Table F.4: Results of Particle Size Analyses for Plant No.4

Sample Description Results ofParticle Size Analyses

Sample Type Mean D1o, D30, D60, Cu % FM Specific
No. Sample Particle ~m ~m ~m Clay Surface Area,

Size, ~m cm2/ml

1 Baghouse 100.2 5.0 26.5 73.9 14.78 4.51 6.00 5268

2 Baghouse 113.2 4.5 24.8 70.1 15.74 4.99 5.91 5666

3 Baghouse 68.4 3.3 18.7 57.6 17.35 6.20 5.58 6836

4 Baghouse 122.1 5.3 29.1 85.2 16.16 4.35 6.13 5040

5 Baghouse 100.9 4.9 27.3 80.2 16.23 4.57 6.06 5269

6 Baghouse 97.2 4.6 25.9 75.8 16.55 4.83 5.99 5508

7 Baghouse 76.5 4.1 22.5 66.7 16.35 5.20 5.82 5963

8 Baghouse 100.4 4.8 26.5 77.5 16.09 4.72 6.02 5397

9 Baghouse 114.9 4.4 23.9 114.9 16.22 4.96 5.9 5686

10 Baghouse 103.7 4.9 27.3 77.0 15.75 4.65 6.04 5328

11 Baghouse 84.7 5.0 27.6 75.5 15.26 4.65 6.03 5324

12 Baghouse 125.1 4.8 24.9 70.5 14.84 4.71 5.93 5464

13 Baghouse 76.7 4.7 24.2 67.0 14.40 4.73 5.88 5543

14 Baghouse 85.6 5.0 26.8 73.6 14.69 4.59 6.00 5313

15 Baghouse 119.6 5.0 26.9 74.3 14.84 4.58 6.01 5291

16 Baghouse 125.7 5.6 30.4 84.0 14.98 4.22 6.16 4909

17 Baghouse 121.3 5.6 28.3 121.3 13.56 4.28 6.07 5026
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Table F.5: Results of Particle Size Analyses for Plant No.5

Sample Description Results of Particle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle Jlm Jlm Jlm Clay Surface Area,

Size, Jlrn crn2/rnl

1 Baghouse 21.8 1.7 5.4 16.6 9.67 12.18 3.80 12989

1 Cyclone 138.9 27.4 73.2 153.6 5.61 1.30 7.21 1867

2 Baghouse 16.2 1.4 3.9 11.7 8.14 15.6 3.32 15912

2 Cyclone 143.4 26.3 76.4 159.7 6.07 1.32 7.21 1894

3 Baghouse 36.2 2.4 9.9 33.8 14.37 2.86 4.75 9257

3 Cyclone 135.9 27.2 66.4 137.6 5.07 0.48 7.16 1872

4 Baghouse 28.5 2.2 8.4 24.1 10.99 8.99 4.34 10151

4 Cyclone 154.9 33.8 83.1 159.2 4.71 0.79 7.36 1397

5 Baghouse 29.3 2.3 8.6 24.5 10.78 8.61 4.37 9875

5 Cyclone 145.9 27.5 65.2 135.0 4.91 0.42 7.16 1758

6 Baghouse 29.1 2.1 8.1 24.0 11.43 9.48 4.32 10482

6 Cyclone

7 Baghouse 32.7 2.6 10.6 28.8 11.15 7.52 4.62 8804

7 Cyclone 151.9 29.4 68.2 139.0 4.73 0.99 7.21 1653

8 Baghouse 31.5 2.6 10.0 26.9 10.44 7.46 4.54 8916

8 Cyclone 126.7 25.1 60.9 127.8 5.08 1.26 7.07 1962

9 Baghouse 32.0 2.5 10.3 28.1 11.20 7.75 4.58 9008

9 Cyclone 147.3 26.4 64.1 133.1 5.05 1.21 7.13 1878

10 Baghouse 26.4 2.2 8.2 22.2 9.89 8.72 4.24 10127

10 Cyclone 121.1 22.8 54.8 118.7 5.21 1.06 6.98 1910

11 Baghouse 36.4 2.6 11.3 36.1 13.73 7.39 4.86 8495

11 Cyclone 134.6 30.8 72.2 140.5 4.56 0.82 7.27 1497

12 Baghouse 32.9 2.8 10.5 28.3 10.99 7.55 4.60 8857

12 Cyclone 160.0 29.0 70.6 145.8 5.02 1.02 7.22 1617
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Table F.5: Results ofParticle Size Analyses for Plant No.5

Sample Description Results of Particle Size Analyses

Sample Type Mean D IO, D30, D6O, Cu % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/ml

13 Baghouse 22.6 1.7 5.4 17.0 10.00 12.29 3.85 12999

13 Cyclone 150.7 31.2 82.1 164.3 5.27 0.96 7.32 1554

14 Baghouse 29.3 2.2 8.5 24.3 11.13 9.02 4.36 10147

14 Cyclone 150.5 32.9 - 83.7 159.0 4.84 0.88 7.35 1476

15 Baghouse 33.1 2.7 11.0 29.1 10.84 7.23 4.65 8572

15 Cyclone 125.7 27.6 63.7 127.9 4.63 0.93 7.15 1679

16 Baghouse 31.3 2.5 10.0 26.6 10.51 7.61 4.52 9018

16 Cyclone 149.1 32.8 82.5 163.5 4.99 1.03 7.34 1541

17 Baghouse 33.7 2.9 11.7 30.0 10.47 6.72 4.71 8151

17 Cyclone 132.3 27.9 65.9 135.5 4.86 0.95 7.17 1677

18 Baghouse 33.9 2.8 11.5 30.2 10.79 6.90 4.71 8279

18 Cyclone 131.3 27.7 66.5 135.1 4.89 1.10 7.17 1783

19 Baghouse 32.3 2.6 10.7 28.3 10.86 7.44 4.61 8768

19 Cyclone 148.8 26.0 63.6 133.7 5.13 1.12 7.12 1829

20 Baghouse 32.2 2.7 11.0 28.4 10.39 7.08 4.62 8508

20 Cyclone 145.2 23.7 60.0 129.3 5.45 1.17 7.05 1933

21 Baghouse 30.6 2.3 9.3 26.0 11.13 8.38 4.47 9584

21 Cyclone 136.8 23.0 59.4 128.0 5.58 1.31 7.03 2046

22 Baghouse 30.3 2.3 8.7 24.4 10.79 8.69 4.38 9911

22 Cyclone 145.2 27.1 64.5 132.5 4.89 1.00 7.15 1724

23 Baghouse 85.5 3.1 11.6 31.0 9.98 5.97 4.87 7603

23 Cyclone 191.8 31.8 89.1 184.3 5.80 0.78 7.36 1382

24 Baghouse 30.1 2.3 9.4 26.1 11.17 8.40 4.46 9582

24 Cyclone 125.4 24.5 59.0 125.0 5.11 1.15 7.05 1914
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Table F.6: Results of Particle Size Analyses for Plant No.6

Sample Description Results ofParticle Size Analyses

Sample Type Mean D\o, D30, D60, Cu % FM Specific
No. Sample Particle J.1m J.1m J.1m Clay Surface Area,

Size, J.1m cm2/ml

1 Baghouse 108.2 2.6 16.6 77.1 29.42 7.60 5.67 7749

2 Baghouse 66.3 2.5 13.0 59.9 24.22 7.94 5.40 8300

3 Baghouse 71.6 2.7 17.0 68.4 25.20 7.32 5.63 7604

4 Baghouse 71.3 2.7 16.6 68.5 25.03 7.23 5.62 7569

5 Baghouse 72.2 2.8 17.5 71.6 25.69 7.15 5.68 7466

6 Baghouse 67.1 2.7 15.8 64.8 24.11 7.37 5.56 7726

7 Baghouse 69.3 3.0 21.0 70.8 23.65 6.75 5.78 7056

8 Baghouse 69.8 2.6 17.0 67.3 25.81 7.64 5.63 7810

9 Baghouse 66.3 2.4 13.7 62.4 22.36 8.37 5.43 8502

10 Baghouse 68.6 2.5 14.9 65.8 26.55 8.02 5.53 8180

11 Baghouse 68.8 2.5 14.2 63.4 25.70 8.03 5.48 8246

12 Baghouse 69.8 2.1 10.8 63.2 30.43 9.59 5.32 9478

13 Baghouse 60.9 2.8 15.9 55.7 20.09 7.20 5.45 7677

14 Baghouse 62.5 2.8 16.1 57.6 20.88 7.29 5.48 7700

15 Baghouse 62.3 2.9 16.3 57.5 19.72 6.91 5.50 7430

16 Baghouse 54.1 2.5 13.7 48.8 19.58 8.00 5.26 8398

17 Baghouse 42.7 2.0 9.5 38.2 18.81 9.85 4.86 10075

18 Baghouse 84.1 2.2 15.1 87.4 39.45 9.01 5.67 8690

19 Baghouse 87.5 2.1 14.7 96.5 46.40 9.62 5.68 9081

20 Baghouse 76.9 1.9 10.9 81.8 42.25 10.37 5.46 9826

21 Baghouse 77.7 2.2 13.8 84.3 38.19 9.01 5.65 8762

22 Baghouse 83.9 2.1 14.8 91.0 43.48 9.56 5.69 9027

23 Baghouse 80.5 2.0 12.2 85.9 43.91 10.25 5.55 9634

24 Baghouse 59.8 1.7 8.0 52.6 30.97 12.02 5.04 11318
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Table F.7: Results ofParticle Size Analyses for Plant No.7

... ~

~l Results of Particle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle IJrn IJrn IJrn Clay Surface Area,

Size, IJrn crn2/ml

1 Baghouse 150.1 8.8 65.6 154.9 17.69 3.49 6.82 3876

2 Baghouse 176.9 10.9 82.0 176.5 16.18 3.17 6.97 3458

3 Baghouse 72.7 3.0 16.9 65.8 21.88 6.65 5.62 7206

4 Baghouse 174.6 4.6 36.5 148.2 32.54 4.84 6.38 5195

5 Baghouse 159.7 10.5 67.7 144.7 13.73 3.14 6.90 3521

6 Baghouse 173.2 9.4 74.9 175.4 18.72 3.33 6.90 3646

7 Baghouse 112.4 9.3 49.3 123.7 13.30 3.55 6.67 3968

8 Baghouse 124.9 5.8 37.2 119.9 20.65 4.51 6.41 4875

9 Baghouse 82.7 4.7 30.5 78.2 16.63 4.90 6.12 5445

10 Baghouse 125.3 8.3 42.7 110.8 13.40 3.56 6.53 4118

11 Baghouse 156.2 14.0 62.3 145.8 10.41 2.83 6.91 3234

12 Baghouse 156.9 48.6 102.3 165.5 3.41 1.12 7.53 1497

13 Baghouse 144.9 17.6 69.0 140.5 8.00 2.58 7.03 2969

14 Baghouse 95.2 7.2 33.8 86.3 12.05 3.94 6.29 4576

15 Baghouse 106.8 4.3 27.9 113.5 26.41 5.11 6.17 5576

16 Baghouse 128.0 33.0 73.6 132.4 4.01 1.78 7.24 2223

17 Baghouse 116.1 8.7 43.8 106.1 12.20 3.59 6.55 4092

18 Baghouse 130.4 5.0 32.2 119.2 23.97 4.83 6.30 5224

19 Baghouse 80.2 6.0 29.5 77.3 12.81 4.42 6.12 5049

20 Baghouse 98.9 9.9 44.4 94.0 9.46 3.35 6.56 3923

21 Baghouse 116.9 7.0 39.3 107.3 15.36 3.90 6.45 4430

22 Baghouse 84.4 4.5 26.2 84.1 18.91 4.99 5601

23 Baghouse 79.4 4.1 24.4 81.0 19.94 5.27 5880

24 Baghouse 79.1 4.2 24.8 80.3 19.14 5.09 5750
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Table F.8: Results of Particle Size Analyses for Plant No.8

Sample Description Results of Particle Size Analyses

Sample Type Mean Dlo, D3o, D6Q, Cu % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/ml

1 Baghouse 73.0 2.7 14.0 61.9 22.74 7.19 5.47 7753

2 Baghouse 66.1 2.4 11.6 53.8 22.93 8.43 5.26 8787

3 Baghouse

4 Baghouse

5 Baghouse

6 Baghouse 57.0 2.3 10.8 45.5 20.01 8.68 5.11 9115

7 Baghouse 60.1 2.5 11.7 50.4 20.16 7.78 5.24 8414

8 Baghouse 68.5 2.4 12.4 55.7 23.28 8.28 5.32 8612

9 Baghouse 51.4 2.1 10.0 41.5 19.50 9.32 4.99 9652

10 Baghouse 92.6 3.2 19.8 95.3 30.27 6.34 5.89 6746

11 Baghouse 61.4 2.3 10.7 45.9 19.84 8.52 5.12 9004

12 Baghouse 41.6 2.0 8.2 30.6 15.20 9.93 4.64 10449

13 Baghouse 50.7 2.9 15.0 46.3 15.78 6.76 5.27 7562

14 Baghouse 46.8 2.9 14.0 42.7 14.93 6.90 5.16 7771

15 Baghouse 62.6 3.3 18.1 57.5 17.22 6.03 5.57 6782

16 Baghouse 54.9 3.0 16.0 49.7 16.39 6.59 5.37 7339

17 Baghouse 69.8 3.0 16.4 64.7 21.79 6.67 5.59 7252

18 Baghouse 71.9 3.2 17.7 66.9 21.23 6.30 5.66 6925

19 Baghouse 53.8 3.1 15.0 46.1 15.02 6.45 5.29 7356

20 Baghouse

21 Baghouse 63.1 3.1 16.8 56.7 18.23 6.44 5.51 7122

22 Baghouse 55.5 2.8 14.1 48.1 17.04 6.97 5.29 7731

23 Baghouse 59.5 3.4 17.0 53.9 15.89 5.82 5.49 6743

24 Baghouse 69.7 4.1 20.3 64.7 15.87 4.91 5.75 5888
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Table F.9: Results of Particle Size Analyses for Plant No.9

~

Description Results of Particle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle J.1m J.1m J.1m Clay Surface Area,

Size, J.1m cm2/ml

1 Baghouse 30.6 1.9 7.4 24.1 12.74 10.69 4.30 11285

1 Cyclone 197.5 3.4 22.2 118.8 34.99 6.08 6.00 6391

1 Combined 221.3 17.3 87.7 200.2 11.55 3.02 7.13 3136

2 Baghouse 32.1 2.0 7.9 24.9 12.57 10.10 4.36 10821

2 Cyclone 213.8 19.3 88.5 200.3 10.41 2.81 7.16 2973

2 Combined 190.2 4.0 29.1 145.9 36.65 5.34 6.23 5669

3 Baghouse 34.6 2.1 8.7 27.7 13.51 9.75 4.51 10401

3 Cyclone 243.2 41.2 112.1 220.9 5.36 2.19 7.41 2309

3 Combined 201.6 14.0 88.6 193.0 13.77 3.02 7.09 3212

4 Baghouse 36.4 2.3 10.4 30.7 13.53 8.72 4.69 9494

4 Cyclone 196.0 19.1 82.6 173.6 9.09 3.08 7.13 3181

4 Combined 158.6 6.5 50.6 145.6 22.58 4.24 6.63 4498

5 Baghouse 36.5 2.3 10.3 30.5 13.30 8.64 4.67 9461

5 Cyclone 173.6 10.4 62.3 153.5 14.79 3.62 6.86 3790

5 Combined 177.5 7.6 52.4 157.0 20.80 3.74 6.68 4102

6 Baghouse 126.6 3.0 16.4 62.5 20.55 6.63 5.56 7194

6 Cyclone 238.0 45.9 117.0 219.4 4.78 2.01 7.46 2156

6 Combined 206.7 12.0 85.1 197.3 16.50 3.07 7.02 3317

7 Baghouse 39.65 2.2 10.3 32.7 14.80 8.97 4.75 9596

7 Cyclone 231.7 50.0 109.4 205.7 4.11 1.70 7.51 1888

7 Combined 162.5 5.7 41.4 138.8 24.31 4.36 6.49 4724

8 Baghouse 34.3 2.2 9.4 28.8 13.33 9.21 4.57 9963

8 Cyclone 197.8 25.9 85.6 174.3 6.72 2.67 7.21 2831

8 Combined 171.4 6.6 49.8 149.1 22.52 4.05 6.62 4379
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Table F.9: Results of Particle Size Analyses for Plant No.9

II Results of Particle Size Analyses

Sample Type Mean 0 10, 0 30, 0 60, Co % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/rnl

9 Baghouse 36.0 2.3 10.6 30.8 13.37 8.60 4.68 9406

9 Cyclone 224.4 34.7 95.9 195.1 5.63 2.46 7.32 2568

9 Combined 203.3 7.5 54.8 156.5 20.90 3.98 6.70 4231

10 Baghouse 38.9 2.3 10.9 32.7 14.28 8.67 4.76 9348

10 Cyclone 224.5 42.0 98.8 195.6 4.66 2.02 7.41 2189

10 Combined 172.6 8.3 51.7 146.6 17.73 3.64 6.68 4023

11 Baghouse 41.69 2.5 12.3 36.0 14.33 7.94 4.92 8686

11 Cyclone 233.0 38.8 97.6 195.0 5.03 2.14 7.37 2301

11 Combined 172.3 5.9 43.2 140.4 23.96 4.37 6.52 4691

12 Baghouse 36.4 2.2 9.6 30.2 13.92 9.14 4.64 9847

12 Cyclone 224.1 47.6 103.5 196.5 4.13 1.66 7.48 1882

12 Combined 127.5 4.3 27.8 107.5 24.86 5.08 6.16 5559

13 Baghouse 32.4 2.0 8.6 26.7 13.08 9.81 4.45 1052

13 Cyclone 223.3 44.4 95.3 186.6 4.21 1.73 7.44 1959

13 Combined 172.6 8.1 53.6 142.7 17.55 3.59 6.69 3994

14 Baghouse 38.6 2.3 10.4 32.4 14.14 8.65 4.74 9401

14 Cyclone 232.8 44.9 96.6 187.2 4.17 1.65 7.45 1900

14 Combined 186.1 12.0 66.8 157.2 13.06 2.97 6.92 3349

15 Baghouse 60.1 2.4 11.3 39.1 16.08 8.11 5.02 8795

15 Cyclone 228.5 47.2 111.0 208.3 4.41 1.92 7.47 2073

15 Combined 180.6 6.5 57.9 170.7 26.38 3.98 6.69 4295

16 Baghouse 38.1 2.3 10.3 31.3 13.66 8.63 4.70 9425

16 Cyclone 196.5 32.8 89.6 175.9 5.36 2.53 7.28 2666

16 Combined 144.7 5.9 43.4 135.0 22.80 4.28 6.52 4643
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Table F.9: Results of Particle Size Analyses for Plant No.9

Sample Description Results ofParticle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle ~m ~m ~m Clay Surface Area,

Size, ~m cm2/ml

17 Baghouse 126.1 2.6 13.0 49.6 19.37 7.75 5.28 8261

17 Cyclone 215.8 44.9 102.8 198.6 4.43 1.93 7.44 2106

17 Combined 192.2 11.2 75.4 178.2 15.85 3.19 6.96 3461

18 Baghouse 38.6 2.1 8.9 30.1 14.68 9.71 4.61 10265

18 Cyclone 270.3 60.1 126.9 234.7 3.90 1.40 7.60 1589

18 Combined 160.4 15.9 91.4 200.6 12.64 2.71 7.13 2961

19 Baghouse 47.9 2.3 10.4 34.7 15.20 8.68 4.85 9334

19 Cyclone 213.5 43.0 99.7 190.2 4.43 1.94 7.42 2140

19 Combined 167.8 9.6 64.7 156.8 16.40 3.40 6.85 3722

20 Baghouse 112.7 3.4 20.6 93.3 27.86 6.15 5.88 6564

20 Cyclone 216.3 28.7 89.7 191.0 6.66 2.69 7.24 2809

20 Combined 159.7 5.0 40.2 145.5 28.98 4.69 6.45 4992

21 Baghouse 29.6 2.0 7.7 23.7 12.0 10.15 4.29 10942

21 Cyclone 226.1 16.9 77.5 189.0 11.20 2.90 6.26 3102

21 Combined 149.1 4.7 30.3 125.1 26.67 4.75 7.07 5236
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Table F.10: Results of Particle Size Analyses for Plant No. 10

Sample Description Results of Particle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle ~m ~m ~m Clay Surface Area,

Size, ~m cm2/ml

1 Baghouse 31.2 1.9 7.6 23.9 12.80 10.82 4.26 11353

2 Baghouse 32.3 1.9 7.8 24.8 13.28 10.69 4.31 11200

3 Baghouse 28.2 1.8 7.5 23.6 12.80 10.98 4.21 11498

4 Baghouse 33.0 1.9 7.9 25.1 13.25 10.67 4.33 11160

5 Baghouse 28.1 1.9 7.5 23.5 12.71 10.96 4.20 11488

6 Baghouse 33.8 1.9 8.0 25.4 13.36 10.62 4.35 11102

7 Baghouse 20.4 1.7 5.6 16.9 20.4 12.07 3.75 12911

8 Baghouse 32.3 2.0 8.8 32.3 12.67 9.82 4.38 10526

9 Baghouse 29.0 2.0 8.4 24.6 12.49 10.19 4.29 10860

10 Baghouse 33.6 2.0 8.6 25.5 12.75 9.99 4.37 10654

11 Baghouse 32.0 2.0 8.5 25.3 12.76 10.13 4.35 10769

12 Baghouse 26.6 1.9 7.9 23.2 12.09 10.47 4.19 11172

13 Baghouse 22.3 1.8 6.3 18.6 10.27 11.32 3.89 12210

14 Baghouse 22.6 1.7 5.8 17.7 10.23 11.96 3.83 12724

15 Baghouse 21.2 1.7 5.4 16.5 9.91 12.59 3.73 13292

16 Baghouse 21.4 1.8 5.9 17.4 9.90 11.71 3.80 12603

17 Baghouse 20.4 1.7 5.6 16.9 9.80 12.07 3.75 12911

18 Baghouse 19.8 1.7 5.7 16.8 9.69 11.94 3.73 12849

19 Baghouse 24.2 1.7 5.6 17.9 10.59 12.34 3.84 12947

20 Baghouse 21.5 1.7 5.4 17.2 10.42 12.70 3.77 13267

21 Baghouse 20.6 1.7 5.4 17.2 10.41 12.68 3.76 13265

22 Baghouse 23.2 1.7 5.4 17.1 10.28 12.59 3.79 13202

23 Baghouse 29.6 1.7 5.9 19.6 11.37 12.04 3.92 12333

24 Baghouse 24.6 1.7 5.6 17.7 10.46 12.32 3.83 12956
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Table F.ll: Results of Particle Size Analyses for Plant No. 11

Ie Description Results of Particle Size Analyses

Sample Type Mean D 1O'
D30, D60, Cu % FM Specific

No. Sample Particle J.1rn J.1rn J.1rn Clay Surface Area,
Size, J.1rn crn2/ml

1 Baghouse 38.6 1.5 4.7 24.7 16.02 13.98 4.29 13595

2 Baghouse 13.6 1.2 2.9 9.6 8.35 21.35 3.08 19670

3 Baghouse 35.9 1.3 3.7 17.9 13.91 17.55 4.00 16175

4 Baghouse 29.5 1.2 3.4 14.8 12.02 18.75 3.77 17203

5 Baghouse 31.8 1.3 3.4 14.6 11.61 18.52 3.80 17040

6 Baghouse 28.8 1.2 3.2 13.0 10.75 19.46 3.67 17788

7 Baghouse 35.5 1.3 3.5 17.1 13.73 18.36 3.96 16728

8 Baghouse 30.4 1.2 3.4 15.2 12.23 18.60 3.79 17063

9 Baghouse 27.2 1.2 2.9 11.1 9.60 21.03 3.53 18970

10 Baghouse 33.7 1.2 3.4 15.5 12.74 19.04 3.88 17268

11 Baghouse 39.9 1.3 4.0 20.7 15.54 16.76 4.15 15511

12 Baghouse 41.2 1.3 4.0 22.4 16.98 16.89 4.20 15523

13 Baghouse 44.8 1.7 6.4 32.4 19.16 12.23 4.59 12022

14 Baghouse 33.1 1.3 3.5 13.6 10.31 17.65 3.79 16564

15 Baghouse 29.4 1.4 3.5 12.4 9.15 17.10 3.68 16424

16 Baghouse 26.5 1.2 2.9 9.7 8.23 20.79 3.42 19080

17 Baghouse 25.8 1.2 2.9 9.9 8.28 20.49 3.43 18859

18 Baghouse 25.2 1.2 2.8 9.1 7.92 21.64 3.35 19684

19 Baghouse 25.4 1.2 3.1 11.1 9.12 19.80 3.51 18273

20 Baghouse 11.8 1.1 2.6 8.1 7.25 22.87 2.90 20855

21 Baghouse 40.8 1.6 5.8 31.7 19.77 13.07 4.51 12626

22 Baghouse 40.1 1.5 4.6 29.6 20.34 14.96 4.37 14025

23 Baghouse 42.0 1.5 5.1 30.0 19.67 13.99 4.44 13335

24 Baghouse 37.4 1.4 4.1 21.9 15.61 15.88 4.16 14927
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Table F.12: Results ofParticle Size Analyses for Plant No. 12

Sample Description Results ofParticle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle J.lm J.lm J.lm Clay Surface Area,

Size, J.lm cm2/ml

1 Baghouse

2 Baghouse

3 Baghouse 104.0 3.7 20.6 82.6 22.61 5.67 5.86 6273

4 Baghouse 129.4 3.7 22.2 84.5 22.93 5.68 5.92 6199

5 Baghouse 125.9 4.3 27.6 102.2 23.88 5.15 6.14 5618

6 Baghouse 142.9 4.6 31.5 112.8 24.41 4.90 6.26 5327

7 Baghouse 139.2 5.0 35.5 121.3 24.11 4.68 6.36 5073

8 Baghouse 126.8 4.8 30.4 108.5 22.42 5.01 6.22 5440

9 Baghouse

10 Baghouse

11 Baghouse

12 Baghouse

13 Baghouse 123.1 3.6 20.5 79.6 22.43 5.86 5.84 6403

14 Baghouse 120.9 4.1 27.8 100.0 24.45 5.34 6.14 5751

15 Baghouse 124.3 4.3 28.2 99.7 23.25 5.17 6.15 5617

16 Baghouse

17 Baghouse 126.3 4.9 33.7 111.7 22.66 4.76 6.31 5188

18 Baghouse

19 Baghouse 114.8 4.5 30.2 102.8 23.10 5.11 6.20 5513

20 Baghouse 134.9 4.9 33.6 114.2 23.26 4.77 6.31 5178

21 Baghouse 129.9 4.9 33.9 113.9 23.29 4.82 6.31 5206
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Table F.13: Results of Particle Size Analyses for Plant No. 13

Sample Description Results of Particle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle J.1m J.1m J.1m Clay Surface Area,

Size, J.1m cm2/ml

I Baghouse 43.5 2.8 13.1 37.4 13.25 6.97 4.97 7983

1 Combined 156.5 11.2 54.7 135.9 12.19 2.85 6.79 3403

2 Baghouse 43.8 3.0 13.9 39.3 13.32 6.71 5.03 7719

2 Combined 117.3 6.4 37.5 111.3 17.39 3.89 6.40 4492

3 Baghouse 45.2 2.9 14.5 40.3 13.89 6.92 5.21 7786

3 Combined 129.8 12.0 54.6 124.2 10.37 3.02 6.81 3494

4 Baghouse 48.5 3.1 16.5 46.0 14.85 6.63 5.24 7377

4 Combined 109.8 6.9 38.2 104.1 15.16 4.09 6.34 4571

5 Baghouse 47.7 3.0 15.9 44.5 14.78 6.77 5.25 7527

5 Combined 114.6 8.4 44.9 113.0 13.49 3.69 6.56 4151

6 Baghouse 38.8 2.6 11.8 33.6 13.11 7.69 4.69 8644

6 Combined 123.2 13.8 56.9 124.7 9.03 2.82 6.84 3294

7 Baghouse 46.7 2.9 15.1 43.6 14.89 6.88 5.25 7675

7 Combined 133.3 15.7 64.0 137.1 8.76 2.64 6.97 3076

8 Baghouse 56.2 3.0 15.1 42.7 14.41 6.80 5.20 7614

8 Combined 148.4 7.8 41.3 122.2 15.64 3.64 6.52 4172

9 Baghouse 39.4 2.6 11.9 34.5 13.41 7.67 4.89 8591

9 Combined 84.8 3.8 21.6 74.9 19.49 5.54 5.85 6163

10 Baghouse 45.8 2.9 14.1 40.6 13.91 6.84 5.13 7759

10 Combined 102.3 6.5 34.8 96.8 14.89 3.96 6.31 4592

11 Baghouse 36.5 2.6 11.7 32.5 12.49 7.57 4.83 8597

11 Combined 195.1 17.3 64.1 145.2 8.41 2.31 6.97 2812

12 Baghouse 42.2 2.8 13.3 36.8 13.14 7.08 5.05 8047

12 Combined 164.7 9.4 46.2 117.4 12.44 3.22 6.65 3790
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Table F.13: Results of Particle Size Analyses for Plant No. 13

Sample Description Results of Particle Size Analyses

Sample Type Mean DIO, D3o, D60, Cu % FM Specific
No. Sample Particle Ilm Ilm Ilm Clay Surface Area,

Size, Ilm cm2/ml

13 Baghouse 45.5 2.9 13.9 38.9 13.26 6.77 5.08 7759

13 Combined 102.1 6.5 34.5 97.7 14.94 3.83 6.34 4517

14 Baghouse 41.6 3.2 15.1 42.2 13.41 6.38 5.22 7383

14 Combined 108.5 6.7 34.5 100.2 15.07 3.91 6.35 4543

15 Baghouse 42.5 2.9 13.6 37.2 12.72 6.78 5.03 7821

15 Combined 116.2 8.0 42.0 117.2 14.57 3.70 6.50 4232

16 Baghouse 43.1 2.8 12.8 35.7 12.90 7.14 4.98 8142

16 Combined 164.7 6.3 35.5 115.3 18.17 3.88 6.37 4507

17 Baghouse 43.8 3.0 14.1 39.4 13.36 6.77 5.13 7739

17 Combined 154.8 8.1 42.4 123.0 15.21 3.55 6.53 4089

18 Baghouse 48.5 3.0 15.2 42.9 14.23 6.71 5.21 7558

18 Combined 113.5 5.5 31.2 93.9 17.05 4.43 6.22 5006

19 Baghouse 44.7 3.1 15.5 40.9 13.29 6.61 5.15 7500

19 Combined 232.7 18.9 70.7 160.9 8.54 2.36 7.05 2764

20 Baghouse 44.8 3.2 16.2 42.3 13.00 6.31 5.21 7238

20 Combined 132.1 9.2 42.6 114.0 12.46 3.37 6.57 3937

21 Baghouse 49.9 3.5 17.6 46.3 13.14 5.87 5.35 6807

21 Combined 114.7 9.6 44.7 113.9 11.85 3.27 6.60 3841

22 Baghouse 50.1 3.6 17.4 45.8 12.65 5.72 5.35 6723

22 Combined 116.6 9.5 43.7 112.9 11.94 3.28 6.58 3868

23 Baghouse 47.4 2.8 14.1 38.5 13.58 7.07 5.05 7931

23 Combined 107.3 7.5 39.2 106.2 14.12 3.72 6.26 4298

24 Baghouse 42.9 2.8 14.0 39.6 13.92 7.03 5.06 7917

24 Combined 128.1 11.4 54.9 132.6 11.59 2.98 6.78 3480
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Table F.14: Results of Particle Size Analyses for Plant No. 14

Sample Description " Results of Particle Size Analyses

Sample Type Mean D 1o, D30, D60, Cu % FM Specific
No. Sample Particle ~m ~m ~m Clay Surface Area,

Size, ~m cm2/ml

1 Baghouse 60.2 3.6 16.3 47.1 13.15 5.56 5.38 6666

2 Baghouse

3 Baghouse

4 Baghouse 51.7 3.4 15.4 32.1 9.54 5.91 5.26 7010

5 Baghouse 49.3 3.2 14.6 41.2 12.73 6.07 5.18 7209

6 Baghouse 49.4 3.3 15.0 41.7 12.69 6.01 5.20 7135

7 Baghouse 48.8 3.3 14.9 40.8 12.26 5.92 5.18 7099

8 Baghouse

9 Baghouse 75.1 4.7 27.4 69.6 14.96 5.13 5.97 5658

10 Baghouse 60.8 4.0 22.5 57.7 14.57 5.64 5.70 6263

11 Baghouse 68.5 4.2 24.3 63.0 15.8 5.47 5.82 6035

12 Baghouse 47.1 3.2 15.1 40.9 12.73 6.19 5.17 7255

13 Baghouse

14 Baghouse 38.4 2.9 12.9 34.9 11.96 6.71 4.92 7892

15 Baghouse 50.2 3.4 15.6 42.1 12.40 5.89 5.24 6997

16 Baghouse 45.4 3.0 13.5 37.5 12.55 6.58 5.04 7693

17 Baghouse

18 Baghouse 51.6 3.4 15.2 42.6 12.60 5.84 5.24 6996

19 Baghouse

20 Baghouse

21 Baghouse 56.9 3.7 16.6 46.3 12.38 5.33 5.38 6498

22 Baghouse

23 Baghouse 56.0 3.9 16.9 33.9 8.70 5.11 5.38 6341

24 Baghouse 53.5 3.7 16.2 44.0 12.00 5.41 5.31 6617
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Table F.15: Results of Particle Size Analyses for Plant No. 15

Sample Description Results of Particle Size Analyses

Sample Type Mean DJO, D30, D60, Cu % FM Specific
No. Sample Particle fJm fJm fJm Clay Surface Area,

Size, fJm cm2/ml

1 Baghouse 64.3 2.3 14.9 52.2 22.48 8.63 5.34 8656

2 Baghouse 70.5 2.5 18.1 59.6 23.47 8.01 5.54 8022

3 Baghouse 64.48 2.2 15.5 54.1 24.25 9.01 5.37 8847

4 Baghouse 68.8 2.3 15.9 57.7 25.43 8.83 5.44 8676

5 Baghouse 71.2 2.5 17.2 59.5 24.01 8.15 5.51 8157

6 Baghouse 69.3 2.5 17.1 58.1 23.19 8.06 5.49 8119

7 Baghouse 64.4 2.5 15.8 53.2 21.63 8.17 5.39 8303

8 Baghouse 66.2 3.1 17.1 52.6 17.26 6.67 5.46 7266

9 Baghouse 61.6 2.9 16.5 50.1 17.15 6.94 5.39 7503

10 Baghouse 62.5 3.0 17.4 51.8 17.43 6.88 5.44 7397

11 Baghouse 60.6 2.6 15.9 50.5 19.20 7.64 5.36 7989

12 Baghouse 60.4 2.5 14.7 49.7 19.72 7.91 5.31 8238

13 Baghouse 65.7 2.6 16.1 54.4 20.84 7.69 5.43 7971

14 Baghouse 69.7 3.1 20.3 60.5 19.58 6.72 5.64 7072

15 Baghouse 65.7 2.6 15.9 54.3 21.03 7.78 5.42 8041

16 Baghouse 69.1 2.7 17.2 57.6 21.49 7.53 5.50 7783

17 Baghouse 60.3 2.3 14.5 50.3 21.50 8.58 5.30 8669

18 Baghouse 63.4 2.5 16.4 53.0 21.21 8.09 5.40 8220

19 Baghouse

20 Baghouse 57.2 2.5 15.0 48.2 19.42 8.12 5.28 8376

21 Baghouse 53.8 3.6 16.2 44.2 12.21 5.50 5.31 6671

22 Baghouse 62.6 2.9 17.7 52.6 18.08 7.01 5.46 7453

23 Baghouse 62.3 3.0 17.7 52.4 17.59 6.85 5.46 7352

24 Baghouse 62.8 2.7 17.5 52.9 19.37 7.45 5.45 7745
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Table F.16: Results ofParticle Size Analyses for Plant No. 16

Sample Description Results ofParticle Size Analyses

Sample Type Mean D IO, D30, D60, Cu % FM Specific
No. Sample Particle Jlrn Jlrn Jlrn Clay Surface Area,

Size, Jlrn crn2/ml

1 Baghouse 26.7 2.9 10.8 25.0 8.55 6.46 4.44 8304

2 Baghouse 23.8 2.7 9.3 22.5 8.31 6.84 4.43 8850

3 Baghouse 17.2 2.0 6.4 17.7 9.04 10.30 3.77 11700

4 Baghouse 19.9 1.9 7.0 19.6 10.08 10.35 3.93 11484

5 Baghouse 19.7 1.9 6.7 19.5 10.29 10.69 3.90 11721

6 Baghouse

7 Baghouse 21.9 2.2 8.2 21.9 10.06 9.08 4.11 10404

8 Baghouse 26.0 2.4 8.2 22.4 9.49 8.12 4.24 9750

9 Baghouse 20.6 2.0 7.4 20.8 10.37 9.98 4.00 11122

10 Baghouse 22.1 2.0 8.4 22.9 11.24 9.79 4.12 10758

11 Baghouse 26.2 2.2 8.8 23.7 11.03 9.25 4.27 10318

12 Baghouse 22.3 2.2 8.9 23.1 10.39 8.89 4.17 10137

13 Baghouse 25.5 2.1 8.6 23.8 11.20 9.34 4.28 10367

14 Baghouse 20.1 2.1 7.7 20.5 9.84 9.55 3.98 10856

15 Baghouse 25.4 2.2 8.6 23.0 10.54 9.05 4.23 10249

16 Baghouse

17 Baghouse 27.4 2.6 9.2 23.8 9.33 7.44 4.35 9140

18 Baghouse 30.5 2.8 10.6 26.4 9.55 6.89 4.52 8510
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Appendix G: Results ofModified Rigden's Void Test
for All Plants

G.!





G.2

Table G.1: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.1

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 47.4 2.825

1 Combined 44.3 2.803

2 Baghouse 49.7 2.850

2 Combined 44.0 2.839

3 Baghouse 49.7

3 Combined 56.0 2.827

4 Baghouse 54.5 2.902

4 Combined 48.8 2.870

5 Baghouse 54.1 2.750

5 Combined 50.5 2.868

6 Baghouse 55.5 2.789

6 Combined 49.5 2.858

7 Baghouse 55.4 2.830

7 Combined 49.7 2.862

8 Baghouse

8 Combined

9 Baghouse 50.4

9 Combined

10 Baghouse

10 Combined

11 Baghouse 55.6

11 Combined

12 Baghouse

12 Combined

13 Baghouse 51.1



G.3

Table G.l: Results ofModified Rigden's Voids and Specific Gravity Testing for Plant No.1

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

13 Combined

14 Baghouse

14 Combined

15 Baghouse 51.5

15 Combined

16 Baghouse 47.5

16 Combined

17 Baghouse 50.1

17 Combined

18 Baghouse 47.6

18 Combined

19 Baghouse 49.8

19 Combined

20 Baghouse 47.8

20 Combined

21 Baghouse 49.9

21 Combined

22 Baghouse 50.0

22 Combined

23 Baghouse 51.0

23 Combined



GA

Table G.2: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.2

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

I Baghouse 52.6

1 Combined 42.4

2 Baghouse 54.2

2 Combined 44.7

3 Baghouse 53.9

3 Combined 46.4

4 Baghouse 53.8

4 Combined 47.6

5 Baghouse 54.3

5 Combined 45.8

6 Baghouse 52.8 2.717

6 Combined 47.1

7 Baghouse 54.7

7 Combined 48.0

8 Baghouse 55.3

8 Combined 46.9

9 Baghouse 55.6

9 Combined 48.3

10 Baghouse 53.5 2.719

10 Combined 46.8

11 Baghouse 54.8

11 Combined 45.9

12 Baghouse 52.0 2.669

12 Combined 45.8

13 Baghouse 53.4



G.5

Table G.2: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.2

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

13 Combined 47.4 .
14 Baghouse 55.6

14 Combined 2.770

15 Baghouse 55.9

15 Combined 51.6 2.840

16 Baghouse 57.7

16 Combined 47.5

17 Baghouse 54.0

17 Combined 46.9

18 Baghouse 54.0

18 Combined 50.0

19 Baghouse 53.3

19 Combined 43.5

20 Baghouse 56.9

20 Combined 47.1

21 Baghouse 54.9

21 Combined 47.2

22 Baghouse 59.0

22 Combined 52.1

23 Baghouse 51.1

23 Combined 42.8

24 Baghouse 51.9

24 Combined 45.1



G.6

Table G.3: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.3

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 50.6

2 Baghouse 48.0

3 Baghouse 47.8

4 Baghouse 50.6

5 Baghouse 47.8 2.628

6 Baghouse 47.8

7 Baghouse 46.8

8 Baghouse 46.9

9 Baghouse 50.4

10 Baghouse 44.7

11 Baghouse 45.7 2.79

12 Baghouse 47.1 2.83

13 Baghouse 47.5

14 Baghouse 44.9

15 Baghouse 48.0

16 Baghouse 45.2 2.756

17 Baghouse 44.5

18 Baghouse 45.4 2.80

19 Baghouse 48.9

20 Baghouse 49.6

21 Baghouse 47.4

22 Baghouse 50.6

23 Baghouse 49.3

24 Baghouse 50.0
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Table G.4: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.4

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

I Baghouse 52.5 2.756

2 Baghouse 48.0

3 Baghouse 46.9

4 Baghouse 50.5

5 Baghouse 50.9

6 Baghouse 50.3

7 Baghouse 50.1

8 Baghouse 50.2

9 Baghouse 53.1

10 Baghouse 53.2 2.787

11 Baghouse 53.12

12 Baghouse 51.1 2.755

13 Baghouse 52.1

14 Baghouse 50.9

15 Baghouse 50.5 2.753

16 Baghouse 48.7

17 Baghouse 46.6 2.791



G.8

Table G.5: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.5

Sample Description Results of Testing

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

I Baghouse 58.9

1 Cyclone 50.3

2 Baghouse 60.2 2.502

2 Cyclone 51.4 2.763

3 Baghouse 60.6 2.806

3 Cyclone 46.5

4 Baghouse 61.0 2.767

4 Cyclone 45.3

5 Baghouse 58.8

5 Cyclone 49.5

6 Baghouse 61.9

6 Cyclone

7 Baghouse 61.1 2.874

7 Cyclone 48.0

8 Baghouse 60.3

8 Cyclone 47.6

9 Baghouse 63.9

9 Cyclone 47.3 2.908

10 Baghouse 58.6

10 Cyclone 47.7

11 Baghouse 61.1 2.654

11 Cyclone 47.9

12 Baghouse 63.3

12 Cyclone 51.2 2.886

13 Baghouse 60.2 2.300
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Table G.5: Results ofModified Rigden's Voids and Specific Gravity Testing for Plant No.5

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

13 Cyclone 62.3

14 Baghouse 60.4 2.731

14 Cyclone 45.7

15 Baghouse 59.2

15 Cyclone 49.6

16 Baghouse 56.8

16 Cyclone 43.5

17 Baghouse 57.0 2.715

17 Cyclone 46.8 2.906

18 Baghouse 56.2

18 Cyclone 46.4

19 Baghouse 60.2

19 Cyclone 49.1

20 Baghouse 61.4

20 Cyclone 48.1

21 Baghouse 55.9 2.741

21 Cyclone 49.3

22 Baghouse

22 Cyclone 48.7 2.835

23 Baghouse 64.1

23 Cyclone 46.3

24 Baghouse 62.7

24 Cyclone 46.9
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Table G.6: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.6

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 53.8

2 Baghouse 58.3

3 Baghouse 54.7

4 Baghouse 54.3

5 Baghouse 54.8

6 Baghouse 55.1

7 Baghouse 56.5

8 Baghouse 55.7

9 Baghouse 58.6

10 Baghouse 57.2

11 Baghouse 55.3

12 Baghouse 56.1

13 Baghouse 52.2

14 Baghouse 51.9

15 Baghouse 52.6

16 Baghouse 52.6 2.800

17 Baghouse 50.2

18 Baghouse 48.9

19 Baghouse 54.0 2.658

20 Baghouse 48.3

21 Baghouse 48.6

22 Baghouse 47.4

23 Baghouse 47.7

24 Baghouse 48.2
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Table G.7: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.7

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 41.6

2 Baghouse 40.4

3 Baghouse 44.5

4 Baghouse 44.8

5 Baghouse 41.8

6 Baghouse 42.1

7 Baghouse 44.6

8 Baghouse 45.6

9 Baghouse 45.2

10 Baghouse 43.8

11 Baghouse 44.2

12 Baghouse 43.7

13 Baghouse 45.8 2.726

14 Baghouse 46.2

15 Baghouse 40.7

16 Baghouse 44.1

17 Baghouse 45.9

18 Baghouse 42.9 2.658

19 Baghouse 62.0

20 Baghouse 44.0

21 Baghouse 45.5 2.714

22 Baghouse

23 Baghouse

24 Baghouse
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Table G.8: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.8

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

I Baghouse

2 Baghouse 47.9

3 Baghouse 2.590

4 Baghouse 49.8 2.688

5 Baghouse 48.8

6 Baghouse 52.1

7 Baghouse 49.7 2.720

8 Baghouse 50.3

9 Baghouse

10 Baghouse 54.3

11 Baghouse 53.6

12 Baghouse 55.6

13 Baghouse 48.0

14 Baghouse 47.8

15 Baghouse 51.2

16 Baghouse 48.5

17 Baghouse 46.5

18 Baghouse 50.6 2.652

19 Baghouse 54.9

20 Baghouse 53.4

21 Baghouse 50.8 2.772

22 Baghouse 44.4

23 Baghouse 44.9

24 Baghouse 46.8



G.B

Table G.9: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.9

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

I Baghouse 47.4

1 Cyclone 44.2

1 Combined 43.8

2 Baghouse 43.7

2 Cyclone 43.0

2 Combined 44.3 2.634

3 Baghouse 42.1

3 Cyclone 44.3

3 Combined 38.2

4 Baghouse 45.8

4 Cyclone 44.1

4 Combined 42.5

5 Baghouse 43.1

5 Cyclone 43.7 2.655

5 Combined 39.2

6 Baghouse 44.3

6 Cyclone 45.0

6 Combined 41.3

7 Baghouse 43.3

7 Cyclone 43.6

7 Combined 41.1

8 Baghouse 44.1

8 Cyclone 44.9

8 Combined 38.4

9 Baghouse 45.6
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Table G.9: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.9

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

9 Cyclone 44.5

9 Combined 41.2

10 Baghouse 40.5

10 Cyclone 45.1

10 Combined 40.5 2.663

11 Baghouse 43.8

11 Cyclone 42.8

11 Combined 42.0

12 Baghouse 39.2

12 Cyclone 44.9

12 Combined 43.1

13 Baghouse 41.8

13 Cyclone 44.9

13 Combined 41.9

14 Baghouse 40.5 2.665

14 Cyclone 42.9

14 Combined 38.8

15 Baghouse 46.1

15 Cyclone 41.9

15 Combined 41.3

16 Baghouse 43.5

16 Cyclone 43.9

16 Combined 40.0 2.659

17 Baghouse 40.0

17 Cyclone 43.8 2.686



0.15

Table G.9: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No.9

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

17 Combined 39.7

18 Baghouse 42.1

18 Cyclone 42.6

18 Combined 38.8

19 Baghouse 40.5

19 Cyclone 45.0

19 Combined 38.7

20 Baghouse 40.7

20 Cyclone 45.3

20 Combined 39.2 2.610

21 Baghouse 45.2 2.583

21 Cyclone 43.8

21 Combined 43.2



G.16

Table G.IO: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 10

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 49.7

2 Baghouse 50.8

3 Baghouse 46.4

4 Baghouse 47.8

5 Baghouse 46.5

6 Baghouse 48.1

7 Baghouse

8 Baghouse 48.6 2.886

9 Baghouse 47.1

10 Baghouse 52.4

11 Baghouse 47.7 2.769

12 Baghouse 48.8 2.776

13 Baghouse 52.0

14 Baghouse 49.2

15 Baghouse 47.2

16 Baghouse 46.5

17 Baghouse 46.9

18 Baghouse 46.3

19 Baghouse 49.1

20 Baghouse 47.1

21 Baghouse 45.3 2.815

22 Baghouse 44.4

23 Baghouse 47.8

24 Baghouse 46.3 2.777
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Table G.11: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 11

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 45.9

2 Baghouse 43.6

3 Baghouse 52.7

4 Baghouse 51.5

5 Baghouse 52.0

6 Baghouse 52.8

7 Baghouse 50.5

8 Baghouse 50.8

9 Baghouse 52.5

10 Baghouse 52.4

11 Baghouse 55.3

12 Baghouse 49.9

13 Baghouse 47.3

14 Baghouse 52.0

15 Baghouse 51.8

16 Baghouse 58.8

17 Baghouse 53.4

18 Baghouse 58.5

19 Baghouse 53.3

20 Baghouse 49.7

21 Baghouse 47.0

22 Baghouse 50.3

23 Baghouse 49.4

24 Baghouse 51.1



G.18

Table G.12: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 12

Sample Description Results of Testing

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse

2 Baghouse 42.4

3 Baghouse

4 Baghouse 43.0 2.688

5 Baghouse 42.7

6 Baghouse 45.4

7 Baghouse 44.3 2.720

8 Baghouse 41.4 2.666

9 Baghouse 41.0

10 Baghouse 41.9

11 Baghouse 43.3

12 Baghouse 42.2

13 Baghouse 43.3 2.711

14 Baghouse 44.1 2.745

15 Baghouse 44.6

16 Baghouse

17 Baghouse 43.5

18 Baghouse

19 Baghouse 44.9

20 Baghouse 42.9

21 Baghouse 45.3

22 Baghouse 43.3

23 Baghouse 39.3

24 Baghouse 39.4



G.19

Table G.13: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 13

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 43.4

1 Combined 41.0

2 Baghouse 44.2

2 Combined 40.0

3 Baghouse 47.4

3 Combined 43.8

4 Baghouse 45.4

4 Combined 42.6

5 Baghouse 44.8

5 Combined 42.3

6 Baghouse 43.9

6 Combined 44.5

7 Baghouse 45.0

7 Combined 44.2

8 Baghouse 45.2

8 Combined 42.8

9 Baghouse 44.5

9 Combined

10 Baghouse 46.6

10 Combined 42.6

11 Baghouse 45.0

11 Combined 52.5

12 Baghouse 46.0

12 Combined 48.1

13 Baghouse 44.2
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Table G.13: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 13

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

13 Combined 43.2

14 Baghouse 45.6

14 Combined 43.0 2.733

15 Baghouse 44.8

15 Combined 42.4

16 Baghouse 43.1

16 Combined 41.1

17 Baghouse 45.6

17 Combined 43.6

18 Baghouse 43.0

18 Combined 43.8

19 Baghouse 45.5 2.703

19 Combined 43.9

20 Baghouse 45.3

20 Combined 43.4

21 Baghouse 44.6 2.702

21 Combined 44.8

22 Baghouse 44.7

22 Combined 41.9

23 Baghouse 45.9

23 Combined 43.1

24 Baghouse 43.8

24 Combined 40.0



G.21

Table G.14: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 14

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 48.2

2 Baghouse

3 Baghouse

4 Baghouse 48.4

5 Baghouse 49.5 2.628

6 Baghouse

7 Baghouse 45.9

8 Baghouse

9 Baghouse 48.9

10 Baghouse 47.5

11 Baghouse 49.9

12 Baghouse 45.0 2.721

13 Baghouse 49.4

14 Baghouse 45.6

15 Baghouse 43.8 2.685

16 Baghouse 45.3

17 Baghouse 48.5

18 Baghouse 50.2

19 Baghouse

20 Baghouse

21 Baghouse 45.9

22 Baghouse

23 Baghouse 43.8 2.774

24 Baghouse 48.2 2.748



G.22

Table G.15: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 15

Sample Description Results ofTesting

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 51.5 2.779

2 Baghouse 51.7

3 Baghouse 53.8

4 Baghouse 50.7

5 Baghouse 51.9 2.664

6 Baghouse 51.8

7 Baghouse 50.1

8 Baghouse 47.7

9 Baghouse 51.1

10 Baghouse 46.7 2.759

11 Baghouse 55.4 2.754

12 Baghouse 52.5

13 Baghouse 52.9

14 Baghouse 55.3

15 Baghouse 52.9

16 Baghouse 50.1

17 Baghouse 2.763

18 Baghouse 51.9

19 Baghouse

20 Baghouse 52.2

21 Baghouse 49.4

22 Baghouse 53.4

23 Baghouse 56.2

24 Baghollse 52.3



G.23

Table G.16: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 16

Sample Description Results of Testing

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 56.3 2.824

2 Baghouse 57.4

3 Baghouse 55.9

4 Baghouse 55.0

5 Baghouse 56.7 2.628

6 Baghouse

7 Baghouse 54.3

8 Baghouse 55.8

9 Baghouse 56.6

10 Baghouse 56.6 2.829

11 Baghouse 56.1 2.738

12 Baghouse 58.4

13 Baghouse 56.8

14 Baghouse 56.4

15 Baghouse 58.2

16 Baghouse

17 Baghouse 56.7

18 Baghouse 57.2 2.868



G.24

Table G.17: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 17

Sample Description Results of Testing

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 51.4

2 Baghouse 51.0

3 Baghouse 58.3

4 Baghouse 52.4

5 Baghouse 50.2 2.628

6 Baghouse 50.0

7 Baghouse 49.8

8 Baghouse 55.0

9 Baghouse 52.5

10 Baghouse 53.7

11 Baghouse 53.1

12 Baghouse 51.4

13 Baghouse 60.7

14 Baghouse 53.8 2.700

15 Baghouse 54.2

16 Baghouse 52.2

17 Baghouse 55.7

18 Baghouse 50.1

19 Baghouse 46.4

20 Baghouse 52.1

21 Baghouse 50.6

22 Baghouse 51.5

23 Baghouse

24 Baghouse 51.8



G.25

Table G.18: Results of Modified Rigden's Voids and Specific Gravity Testing for Plant No. 18

Sample Description Results of Testing

Sample Type % Voids in Compacted Specific
No. Sample Dust Gravity

1 Baghouse 46.6

2 Baghouse 46.1 2.774

3 Baghouse 47.4

4 Baghouse

5 Baghouse 48.5

6 Baghouse 50.7

7 Baghouse

8 Baghouse 48.9

9 Baghouse 47.7

10 Baghouse 48.7

11 Baghouse 46.7

12 Baghouse

13 Baghouse 50.7 2.785

14 Baghouse

15 Baghouse 49.8

16 Baghouse 49.6

17 Baghouse 52.9

18 Baghouse 49.1

19 Baghouse 47.4

20 Baghouse 47.1 2.664

21 Baghouse

22 Baghouse



Appendix H: Results ofMortar Testing
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