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NOTATION

Ca = calibration factor, ASTM test procedure

Cy = calibration factor, VDOT test procedure

p = true asphalt content in a mixture

Pe = corrected asphalt content of a mixture

Pm = measured asphalt content of a mixture

Pr = true asphalt content in the RAP

Preo = measured asphalt content of RAP by ignition method
Pronm = measured asphalt content of RAP n by ignition method
P = proportion of aggregate in the blend

P, = proportion of aggregate n in the blend

Pr = proportion of RAP in the blend

Pra =: proportion of RAP n in the blend

r = weight loss factor, proposed test procedure

I, = weight loss factor of aggregate n, proposed test procedure
Teomb = combined weight loss factor, proposed test procedure
e = weight loss factor of aggregate in RAP n

W oo New = weight of fresh asphalt cement

Wiap = weight of RAP

Wao = weight of asphalt cement in the mixtare

W = weight of mineral aggregate in the mixture

W, = weight of mineral aggregate loss during ignition

Wi = weight of mineral aggregate remain after ignition






EXECUTIVE SUMMARY

Determination of asphalt content and aggregate gradation of a mixture is crucial to the quality
control (QC) of the production of hot mix asphalt (HMA). The test is traditionally done by the
solvent extraction method, in which chlorinated solvents are used to dissolve the asphalt, the
remaining aggregate can be used for gradation analysis. The chlorinated solvents are carcinogenic
and have been discouraged for use in the Minnesota Department of Transportation (Mn/DOT) labs.
A breed of bio-degradable solvents were developed as substitute. Generally speaking, the bio-
degradable solvents are not as efficient as the chlorinated solvents, and the disposal cost (currently
at about $450/barrel) is relatively high.

The ignition method determines the asphalt content of a mixture by burning off the asphalt
at a high temperature (540 °C). This method was first investigated in the late 1960s and
reinvestigated in 1990. After 5 years of research and development, the first successful ignition oven
was produced by the Barnstead/Thermolyne Co. If used properly, the ignition method can exceed
the solvent extraction method in both accuracy and speed. So far this is the only method that can
effectively replace the solvent extraction method.

The asphalt content determined by the ignition method is always higher than the actual
amount of asphalt in the mix because of the loss of aggregate during ignition. The current research
and test procedures deal mainly with virgin mixes, and require calibration of all mixtures. Currently,
about 3500 extraction tests are performed in Mn/DOT annually. Extraction test is done only on
recycled asphalt pavement (RAP) mixtures, and nearly all hot mix asphalt concrete mixtures are
produced from multiple sources of aggregate. In order for Mn/DOT to implement this method, we
must make sure that the asphalt content of a RAP mixture can be determined accurately by the
ignition method. Additionally, if the correction factors of all individual aggregates are known, and
different mixes are produced by combining the aggregates in different proportions, is it possibly to
estimate the combined correction factor of the mix?

Four poor quality aggregates from southwestern Minnesota and three RAPs from the Twin
Cities area were obtained for this research. A total of 36 RAP and 36 virgin mixes were produced
by combining the three RAPs and four aggregates and adding different amount of asphalt to the

blends. All samples were produced according to the current Mn/DOT specifications for biturninous



materials. The issues addressed in this research include

Accuracy of ignition method on RAP mix

Estimation of the combined correction factor

Equivalency between mixture calibration and aggregate only calibration
Effect of ignition on aggregate gradation

Time required to remove the moisture in the sample

The laboratory test results show

The ignition method can be used to determine the AC content of both virgin and
RAP mixes, the degree of accuracy is about +0.11% at a 90% confidence level.
The correction factor of a composite mixture can be estimated accurately.

Mixture calibration at 538 °C is not equivalent to aggregate only calibration at
578 °C for the materials tested in this study.

Ignition test does not significantly affect the aggregate gradation.

Moisture in the sample can be removed in 40 minutes when heated in a Despatch

V series oven at 110 °C (230 °F).

Based on the results of this study, it is recommended that

®

Training in the use of the ignition oven should be included in the Technical
Certification classes for the 1997 construction season.

Projects should be designated to implement the ignition test method in the 1997
construction season.

A database of aggregate correction factors be established and start to accumulate

on a regional and statewide basis.



CHAPTER 1
INTRODUCTION

BACKGROUND
Determination of asphalt content (AC) and aggregate gradation in a mixture is critical in the
quality control (QC) and quality assurance (QA) of hot mix asphalt concrete (HMA) production.
The methods developed so far for determining the AC content include solvent extraction, nuclear
asphalt content gauge (NAC), pycnometer method, automatic recordation, and ignition method.

The solvent extraction methods (centrifuge, reflux, and vacuum extraction) use chlorinated
solvents to dissolve the asphalt cernent in the mixture, the remaining aggregate can be used to
determine aggregate gradation. The traditional solvents used in extraction, such as 1,1,1-
trichloroethane and Trichloroethylene, are carcinogenic, and have been discouraged for use in
the Minnesota Department of Transportation (Mn/DOT) labs. A breed of bio-degradable solvents
(Biocat and Zecol plus, etc.) derived primarily from citrus cr pine tree processing, were
developed as substitutes. Although comparable accuracy can be achieved with bio-degradable
solvents, the test becomes more complicated and time consuming (1). The disposal of used
biodegradable solvents is by no means cheaper.

The NAC gauges emit high velocity "fast" neutrons from a radioactive source, and count
the neutrons slowed-down by the hydrogen which present primarily in asphalt cement, as a
measure of the AC content of the mixture. The NAC gauges measure the AC content with
accuracy and speed, usually within 16 minutes after the sample is placed in the gauge. It is a good
quick method of spot check, however, aggregate gradation cannot be determined following the
determination of asphalt content. If recycled asphalt pavement (RAP) is used, the only acceptable
method of determining the AC content of RAP is solvent extraction. Special training and license
is required to operate the NAC gauges; and individual calibration of the NAC gauge (about four
to six hours) is needed whenever there is a change in the NAC gauge's operating environment,
mix design proportions, aggregate source, asphalt cement grade, or asphalt cement source (2).

The pycnometer method is a modified version of the theoretical maximum specific gravity

test. The specific gravities of the aggregate, asphalt cement, and asphaltic concrete mixture are
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determined first, then a theoretic formula is used to calculate the AC content. This method
assumes constant specific gravities of all ingredients in the mixture. Error can result when using
samples that are not properly batched or aggregate sources with variable specific gravities. It
shares the same drawbacks of the NAC gauges of unable to determine the aggregate gradation
and mandatory use of solvent extraction when RAP is involved (1).

The automatic recordation method determines the AC content by monitoring the total
amount of aggregate and asphalt cement used in a given time period of production. It is a
valuable tool of quality control, but it does not provide a spot check of the AC content of the
end product-asphalt concrete mixture, and gradation check must be done through other means.

The ignition method determines the AC content of an HMA mixture by burning off the
asphalt cement at elevated temperature (540 °C), the remaining aggregate can be used to check
gradation. Recent improvement in equipment have significantly reduced the effect of aggregate
type on AC content result, the testing time also has been reduced from more than two hours to
30-60 minutes, depending on the sample size (1), making it a favorite alternative of the solvent
extraction method. The round robin study conducted by the National Center of Asphalt
Technology (NCAT) indicated that, when the aggregate contribution was known, the corrected
AC content was within +0.1% of the actual AC content at a 95% confidence level (3). Further
research is underway to improve the method such that a calibration factor would not be required

for igmnition testing.

OBJECTIVES
Most research results published so far on the ignition method have dealt with virgin asphalt
concrete mixes. At Mn/DOT, extraction tests are conducted only on RAP mixes, and most
mixes are produced from multiple sources of aggregate. To effectively replace the solvent
extraction method with ignition method, comparable accuracy of AC content determination must
be achieved on RAP mixes.

The objectives of this research are:

° Assess the suitability of ignition method to RAP mixes

® Develop suitable methods for estimating the combined correction factor for RAP

mixes and mixes made from multiple sources of aggregate

] Develop a test procedure for use in the state of Minnesota.

At



CHAPTER 2
LITERATURE REVIEW

DEVELOPMENT OF IGNITION METHOD
The first attempt at determining the AC content of HMA by ignition method was made by Antrim
and Busching in 1969 (5), in which HMA samples were burned at 843 °C (1550 °F) in a special
furnace using Butane as a fuel, and with an excess of oxygen. Results obtained from that study
revealed that for some types of limestone, the measured AC content could deviate up to 1 percent
from the true AC content. |

In 1990, the National Center of Asphalt Technology (NCAT) conducted a similar study
using a muffle furnace. Initially, HMA samples were put into a shallow porcelain dish, and
burned at 593 °C (1100 °F). It was found that the concave shape of the porcelain dish tended to
catch a thick layer of melted asphalt and it could take up to 4.5 hours to burn off the asphalt
cement. Later, the container was changed to a flat, stainless steel pan, and then two stacked
stainless steel pans, each containing half of the sample, the test time was reduced to 1.75 hours.
Finally, two stacked stainless steel basket with 4.75 mm (No. 4) screen mesh and a solid flat pan
underneath were used, the test time of a 1200 g sample was reduced to about 30 minutes by
pulling air through the furnace. Further study at NCAT shown that the test temperature could be
lowered to 538 °C to reduce the breakdown of some types of aggregaie without significantly
increasing the test time (4).

The round robin study coordinated by NCAT showed that ignition of HMA mixture at
538 °C would not cause notable changes in aggregate gradation, and after correction for aggregate
loss, accurate result of AC content could be obtained. In 1995, this method was officially
accepted as an alternative to the solvent extraction method, and standard test procedures and

commercially available furnaces began to appear.

IGNITION METHOD TEST PROCEDURES
Currently, the ASTM "Standard test method for asphalt content of hot mix asphalt by the
ignition method" (6), and the "Virginia test method for determination of asphalt content from

asphalt paving mixtures by the ignition method" (7) are the two widely known test procedures
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of ignition tests. In both procedures, the test temperature is specified at 538 °C for HMA and
578 °C for aggregate only calibration, and the sample size is determined by the nominal
maximum size (defined as one size smaller than the first sieve that retains aggregate) of the
aggregate according to Table 1.

In the ASTM procedure, two samples are required per calibration, no specific guideline
of the calibration of RAP mixes is provided. In the Virginia DOT procedure, a total of six
samples (two at design AC content, two at 0. 5 percent below, and two at 0. 5 percent above
the design AC content) are required for mixture calibration. Four samples are required for
aggregate only calibration. The method provides a guideline for the calibration of RAP

mixtures.

CORRECTION OF MEASURED ASPHALT CONTENT
The measured AC content obtained from ignition test is always higher than the actual AC
content in the mixture, due to the combustion of the mineral aggregate, and the loss of fine
particles caused by convection during ignition. Calibration 1s necessary to correct the amount
of weight loss that is not due to the asphalt cement.

A dry HMA sample can be considered of consisting of three components: asphalt (W),
aggregate that will be lost during ignition (W, ), and aggregate that will remain after ignition
(W,g) (Fig. 1). The initial weight of aggregate and the total weight of mixture are denoted as

W,,, and W, in Fig. 1, respectively.

Agg

In the ASTM Procedure, the calibration factor is defined as the ratio of aggregate weight

loss over the initial weight of aggregate

W
C, = tn (1)
w
Agg
where
Cpl calibration factor, ASTM test procedure

and the corrected AC content is determined as



WT

P ® Py ~ P CA(I "P) (2)

where
Pe the corrected AC content
P the measured AC content by ignition method
p: the true AC content of the mixture
Since for a field sample, the true AC content p is unknown, it has to be assumed that p equals

the corrected AC content p,, solving Eq. 2 for p. gives

p = Pn ©

In the Virginia DOT procedure, the calibration factor is defined as the ratio of aggregate

weight loss over the total weight of the mixture

v~ \:;% i W +:VVAL+W @
T AR VALY W agp
where
c,: calibration factor, VDOT procedure
For a field sample, the corrected AC content is calculated from
Pe  Pu ™ O 5






CHAPTER 3
PROPOSED TEST PROCEDURE

DEFINITION OF WEIGHT LOSS FACTOR

Referring to Fig. 1, the corrected AC content of a mixture is

W, +W W, W
p, = Asp AL AL _ Py - - AL (6)
Wr W, W,

the difference between the ASTM and VDOT procedures lies in the way to calculated the
amount of aggregate weight loss Wy, . In the ASTM procedure, W,; =c,W(1-p), which
contains the unknown true AC content p for a field sample, and the assumption of p=p, has to
be made. In the Virginia DOT procedure, W,; =¢c,W,, the calibration factor ¢, (Eq. 4) is
dependent on the AC content of the mixture, which is inherently not a suitable definition.
Another way to correct the measured AC content is to introduce a weight loss factor, r,

as the ratio of aggregate weight loss over the final weight of aggregate

W
r = AL (7
Wr

and accordingly, the corrected AC content is

@)

The advantage of this definition (Eq. 7) is that when correcting the measured AC content,
all terms in Eq. 8 are measured directly from test, no assumption is needed. For mixes made
from multiple aggregate sources, and RAP mixes, this definition naturally leads to a method of

estimating the combined weight loss factor from the individual weight loss factors.

ESTIMATION OF COMBINED WEIGHT LOSS FACTOR
For mixes made from multiple aggregate sources and RAPs, the combined weight loss factor can
be estimated if the weight loss factors of individual aggregates are known. By definition, the

combined weight loss factor for mixes made from multiple sources of aggregate is



-
1+, 1+r. 1+t
T = ! 2 n 0]
Pl + I:.2 I Pn
I+, 141, 1+t
where
Teomp: COmbined weight loss factor
I, weight loss factor of aggregate n
P, proportion of aggregate n in the blend
and for RAP mix, the combined weight loss factor is
1Py N P, s P,
1+r, 1+r 1+
rcmb: 1 2 n S 5 5 (10)
1- Pt +(1-Dpa)Pro + o+ (1 =Py JPe #mm B oot B
(1 Pra)Pra (1 Pra)Pro (1 PrusdPra L4r, 141, 4 1+r

where

Prmo:  measured AC content of RAP n by ignition method

Pr.:  proportion of RAP n in the blend

Equation 10 provides a lower estimate of the true combined weight loss factor, because
the loss of aggregate in the RAP is ignored. If the weight loss factor of the aggregate in the

RAP is known, the true combined weight loss factor will be

‘ IIPI I?.PIZ ‘rnPn
TR1 (1" Pront)Pr1 *Tro(1 ~Prona)Pro +**+ Ty (1~ Py Pg * -—— + ket
) L+r, 1-1, 11 arn
T omb™ P E, 5 1
- y (1 - — s I . e e
(1-Pre1)Pri * (1 ~Prygg)Po + - +(1 P WPy * 1+1, * 1+1, R 1ot
where

rp,:  weight loss factor of aggregate in RAP n

The indirect method (Egs. 9 to 11) offers the flexibility of quickly estimating the
combined weight loss factor or calibration factor in any proportion of the aggregates without
running more tests. Since the calibration factor defined in the Virginia DOT procedure is AC

content dependent, it is not convenient for estimating the combined calibration factor.
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CHAPTER 4
LABORATORY EXPERIMENT

EQUIPMENT AND MATERIAL
To verify the accuracy of ignition method and the analysis presented in Chapter 3, a series of
laboratory tests were conducted. The tests were done using a Barnstead/Thermolyne Model
F85938 asphalt content tester. It has a chamber temperature rating of 100 °C-650 °C, an internal
balance with 8000 g capacity, and a maximum load capacity of 3000 g in addition to the sample
holder.

Four types of aggregates, from southwestern Minnesota (District 8), and three types of
RAPs, from three metro plants of Commercial Asphalt Inc., were selected for this study. The
aggregates have relatively high porosities, and are considered poor quality aggregates. The
RAPs are considered representative in the Minneapolis-St. Paul metro area. The sources of
aggregates and RAPs are:

Aggregate 1 (BA950401): Robbenal fines

Aggregate 2 (BA950403): Ringos fines

Aggregate 3 (BA950405): Kalloff fines

Agegregate 4 (BA950407):  Gergen fines

RAP1 (BR95013): St. Paul, Commercial Asphalt, 3/4 inch minus
RAP2 (BR95014): Red Rock, commercial Asphalt, 1/2 inch minus
RAP3 (BR95015): Maple Grove, Commercial Asphalt, 3/4inch minus

The lithological summary and gradation of the aggregates and RAPs are listed in Tables
2,3, and 4.

SPECIMEN PREPARATION

The aggregates and RAPs were sieved into individual fractions and recombined into the original
gradation. Mixtures were prepared according to the curremt MnDOT specifications for
bituminous materials. For virgin mix specimens, the recombined aggregate was dried in an oven
at 135 °C (275 °F) for at least 10 hours, for RAP mix specimens, the recombined aggregate and

RAP were dried in oven at 135°C (275 °F) for 2 to 3 hours. Prior to mixing, the asphalt cement



was heated at 135 °C (275 °F) for about 3 hours, and the mixing bowl and spoons were heated
at the same temperature for 10 minutes. Two samples were prepared each time using a
mechanical mixer. The asphaltic concrete mixture was cured in the oven at 135°C (275 °F) for

45 minutes.

TESTING PROGRAM

The laboratory tests were planned to address and clarify the following issues

. Time required to remove the moisture in the sample

] Equivalency between mixture calibration and aggregate only calibration

L Effect of ignition on aggregate gradation

. Accuracy of ignition method on RAP mix

L] Verification of the formulae for estimating the combined weight loss factor

To eliminate the effect of moisture on the accuracy of test result, samples need to be
dried in oven first. Two HMA samples (2000 g/each) with a 0. 5% moisture content (by weight
of dry sample) and two aggregate samples (2000 g/each) with a 3. 0% moisture contents were
prepared and let dry in a Despatch V series oven at 110°C (230 °F). The samples were weighed
periodically until constant weight was reached. The results are shown in Fig. 2, and it can be
seen that for both HMA and aggregate samples, moisture can be removed almost completely in
40 minutes. This time was adopted as the minimum drying time in the following ignition tests.

To examine the equivalency between mixture and aggregate only calibration, and the
effect of ignition on aggregate gradation, 8 aggregate specimens (2 specimens from each
aggregate source), and 16 HMA. specimens (2 AC conients, 4 specimens from each aggregate
source) were prepared. The aggregate specimens were tested at 578 °C, and the mixture
specimens were tested at 538 °C. The aggregate salvaged after ignition tests were used for
gradation analysis and the result was compared to the original gradation.

To check the accuracy of ignition method on RAP mixes and verify the formulae for
estimating the combined weight loss factor, 12 RAP mix blends (Table 5, IM950014-950025)
and 12 virgin mix blends (Table 6, IM950026-950037) were produced by combining the RAPs
and aggregates. A total of 144 samples were prepared and tested (Tables 5 and 6). For RAP

mixes, the AC content in the RAP was determined by ignition method (Table 7), and the
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following formula was used to calculate the amount of asphalt cement to be added to bring the

mixture to the desired AC content.

Woage " Wrar PrWrar

W sopNew = 1p = (Wage* Wrap) 14
where
W s, New: weight of fresh asphalt cement
Woage: weilght of aggregate
Wiap: weight of RAP
Px: AC content in the RAP
p: desired AC content in the mixture

ANALYSIS OF TEST RESULTS

The weight loss factors determined from mixture calibration and aggregate only calibration are
listed in Table 8. It can be seen that except Agg3, the weight loss factor determined from
mixture calibration is usually higher than that determined from aggregate only calibration.
Figure 3 shows the temperature history of a HMA sample and an aggregate sample during the
ignition test. For the HMA sample, the temperature reached over 600 °C after 10 minutes of
ignition test, much higher than the 538 °C set temperature. If the temperature spike is regarded
as a sign of the intensity of combustion, it is obvious that the ignition of a HMA sample is more
violent than an aggregate sample.

The aggregate gradations before and after the ignition test are plotted in Figs. 4 to 7.
On the average, the gradation after ignition test deviates less than 5% from the original. It can
be concluded that the current ignition test procedure does not significantly affect the aggregate
gradation.

Tables 9 and 10 list the weight loss factors determined from experiment and predicted
from Eq. 8 (virgin mixes) and Eq. 9 (RAP mixes). The experimentally determined weight
losses factor represent the averaged result of 4 samples for the virgin mixes, and 6 samples for
the RAP mixes. It can be seen that for most of the mixes, the absolute difference between the
experimentally determined weight loss factors and the predicted ones is less than 0.05%. Except

mix IM950020, the absolute difference between the predicted and the experimentally determined
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weight loss factors for all mixes are less than 0.1%. This means Eqs. 8 and 9 provide an accurate
estimate of the combined weight loss factor.

Tables 11 and 12 show the true AC contents and the ones corrected using Eq. 7, in which the
experimentally determined average loss factor was used. The confidence level of absolute difference
between the true and corrected AC contents, based on the results shown in Tables 11 and 12, is
plotted in Fig. 8, which indicates the accuracy of ignition test is about 0.11% at a 90% confidence
level, and 0.15% at a 97% confidence level.

Sample worksheets and output of the spreadsheet program for estimating the combined
weight loss factor are provided in Appendix A. The complete test and calculation results are listed
in Appendix B, in which correction of the measured AC content per ASTM and VDOT procedures

also are included.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

L The ignition method can be used to determine the AC content of both virgin and RAP mixes,
the degree of accuracy is about £0.11% at a 90% confidence level.

® Equations 8 and 9 can be used to estimate of the combined weight loss factor of virgin and
RAP mixes to a satisfactory degree of accuracy.

® Results of this study showed that mixture calibration at 538 °C is not equivalent to
aggregate only calibration at 578 °C.

® Ignition test does not significantly affect the aggregate gradation.

® Moisture in the sample can be removed in 40 minutes when heated in a Despatch V series
oven at 110 °C (230 °F).

RECOMMENDATIONS

® Training in the use of the ignition oven should be included in the Technical Certification
classes for the 1997 construction season.

. Projects should be designated to implement the ignition test method in the 1997 construction
season.

L A database of aggregate correction factors be established and start to accumulate on a

regional and statewide basis.
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Table 1. Minimum sample weight (after VDOT VTM 102, 1995)

Norminal maximum aggregate size

Minimum sample weight

(mm) ()
4.75 (No.4) 1200
9.5 (3/8in.) 1200

12.5 (1/2 in.) 1500

19.0 (3/4 in.) 2000

25.0 (11in.) 3000

37.5 (1172 in.) 4000

Table 2 Lithological summary

Lithological Summary Agg.1l Agg. 2 Agg. 3 Agg. 4
Shale (%) 0.69 0.82 1.08 3.88
Iron Oxide (%) 0.67 0.46 0.20 0.21
Carbonate (%) 56.54 54.57 54.38 42.87
Igneous (%) 42.10 44.02 44.34 5273
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Table 3 Aggregate gradation

Sieve size (mm)

Cumulative percent passing (%)

Agg. 1 Agg. 2 Agg. 3 Agg. 4

19.0 (3/4") 100

16.0 (5/8") 99 100

12.5 (1/27) 95 100 98 100

9.5 (3/8") 88 97 95 99
4.75 (#4) 75 85 80 90
2.00 (#10) 63 70 60 58
0.850 (#20) 48 53 31 35
0.425 (#40) 29 35 17 20
0.180 (#80) 14 14 9 10
0.150 (#100) 12 12 8 9
0.075 (#200) 7.9 7.1 6.8 7.6
Table 4 RAP Gradation
Sieve size (mm) Cumulative percent passing (%)
RAP 1 RAP 2 RAP 3

25.0 (1" 100
19.0 (3/4") 100 99.7
16.0 (5/8") 99 100 98.5
12.5 (17127) 94 98 93.0

9.5 (3/8) 87 94 86.3
4.75 (#4) 67 72 68.5
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Table 5 RAP mixes

70% AGGI AGQG2 AGG3 AGG4
30% (BA950401) (BA950403) (BA950405) (BA950407)
RAP1 IM950014 IM950015 IM950016 IM950017
(BR95013) 4.0% X 2 4.0% X 2 4.0% % 2 4.0% X 2
5.5% X2 55% X 2 5.5% x 2 55% x 2
7.0% X 2 7.0% X 2 70% x 2 7.0% x 2
RAP2 IM950018 IM950019 IM950020 IM950021
(BR95014) 4.0% X 2 4.0% X 2 4.0% x 2 4.0% x 2
55% x 2 55% X 2 55% x 2 55% X 2
7.0% X 2 70% X 2 7.0% X 2 7.0% X 2
RAP3 IM950022 IM950023 IM950024 IM950025
(BR95015) 4.0% X 2 4.0% X 2 4.0% X 2 4.0% x 2
55% x 2 55% X 2 55% %X 2 5.5% X 2
7.0% X 2 7.0% X 2 7.0% %X 2 7.0% x 2
Table 6 Virgin mixes
55% AGG1 AGG2 AGG3 AGG4
45 % (BA950401) (BA950403) (BA950405) (BA950407)
AGG1 IM950401 IM950026 IM950027 IM950028
(BA9S50401) 0% x 2
4% X 2 4% X 2 4% X 2 4% x 2
6% X 2 6% X 2 6% X 2 6% X 2
AGG2 IM950029 IM950403 IM950030 IM950031
(BA950403) 0% X 2
4% %X 2 4% X 2 4% X 2 4% X 2
6% X 2 6% X2 6% X 2 6% X 2
AGG3 IM950032 IM950033 IM950405 IM950034
(BA950405) 0% X 2
4% X 2 4% X 2 4% X 2 4% X 2
6% X 2 6% X 2 6% X 2 6% X 2
AGG4 IM950035 IM950036 IM950037 IM950407
(BA950407) 0% %X 2
4% X 2 4% X 2 4% X 2 4% X 2
6% X 2 6% X 2 6% %X 2 6% X 2
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Table 7 Measured asphalt content of RAP, ignition method

Sample ID Measured AC content (%) Average
IM950011 (RAP1)-A 5.26
IM950011 (RAP1)-B 5.31 5.29
IM950012 (RAP2)-A 5.24
IM950012 (RAP2)-B 5.22 5.23

Il IM950013 (RAP3)-A 4.97
IM950013 (RAP3)-B 4.92 4.95

Table 8 Weight loss factor

Comparison between mixture and aggregate only calibration

Aggregate Weight loss factor (%)
Mixture calibration Aggregate calibration
(538 °C) (578 °C)
Aggl (BA950401) 1.04 0.91
Agg2 (BA950403) 0.87 0.74
Agg3 (BA950405) 0.89 1.03
Aggd (BA950407) 0.97 0.81
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Table 9 Weight loss factor of virgin mix
Comparison between test result and prediction

55% AGG1 AGG2 AGG3 AGG4
45% (BA950401) (BA950403) (BA950405) (BA950407)

AGG1 IM950401 IM950026 IM950027 IM950028
(BA950401) 1.04 0.94 0.98 0.93
0.95 0.96 1.00

AGG2 IM950029 IM950403 IM950030 IM950031
(BA950403) 1.04 0.87 0.97 0.83
0.96 0.88 0.92

AGG3 IM950032 IM950033 IM950405 IM950034
(BA950405) 0.95 0.89 0.89 0.96
0.97 0.88 0.93

AGG4 IM950035 IM950036 IM950037 IM950407
(BA950407) 0.95 0.90 0.98 0.97

1.01 0.91 0.93
Table 10 Weight loss factor of RAP mix
Comparison between test result and prediction
70% AGG1 AGG2 AGG3 AGG4
30% (BAS50401) (BAS50403) (BA950405) (BA950407)

RAP1 IMS50014 IM950015 IM950016 IM950017
(BR95013) 0.71 0.60 0.65 0.68
0.74 0.62 0.63 0.69

RAP2 IM950018 IM950019 IM950020 IM950021
(BR95014) 0.72 0.61 0.80 0.74
0.74 0.62 0.63 0.69

RAP3 IM950022 IM950023 IM950024 IM950025
(BRS5015) 0.71 0.60 0.72 0.65
0.74 0.62 0.63 0.69

Note on typeface

measured weight loss factor of individual aggregate
measured weight loss factor of combined aggregate and/or RAP blend
predicted weight loss factor of combined aggregate and/or RAP blend

Boldface:
Normal:
Underline:
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Table 11 Corrected asphalt content of virgin mix

55% AGG1 AGG2 AGG3 AGG4
45% (BA950401) (BAS50403) (BA950405) (BA950407)
AGG1 IM950401 IM950026 IM950027 IM950028
(BA950401) 4.02 3.84 4.02 3.91 4.02 3.98 4.07 3.92
6.03 6.02 6.02 5.98 6.03 6.03 6.03 6.11
AGG2 IM950029 IM950403 IM950030 IM950031
(BA950403) 4.02 3.96 4.01 3.93 4.02 3.89 4.02 3.9
6.03 35.89 6.02 5.99 6.03 5.97 6.03 5.99
AGG3 IM950032 IM950033 IM 950405 IM950034
(BA950405) 4.02 3.94 4.02 3.91 4.02 4.05 4.02 3.94
6.03 6.01 6.02 6.02 6.03 6.02 6.02 5.94
AGG4 IM950035 IM950036 IM950037 IM950407
(BA950407) 4.02 3.91 4,02 3.91 4.02 3.93 4.02 3.92
6.03 5.99 6.02 6.06 6.03 6.13 6.03 6.03
Table 12 Correcred asphalt content of RAP mix
70% AGGI AGG2 AGG3 AGG4
30% (BA950401) (BA950403) (BA950405) (BA950407)
RAP1 IM950014 IM950015 IM950016 IM950017
(BR95013) 4.10 4.15 4.08 4.02 4.04 4.10 4.06 4.08
5.63 558 5.63 5.56 5.59 5.60 5.58 5.54
7.06 7.07 7.07 7.12 7.08 7.14 7.08 7.14
RAP2 IM950018 IM950019 IM950020 IM950021
(BR95014) 4.04 404 4.07 4.03 4.05 4.03 4.05 3.94
5.56 35.49 5.57 5.50 5.56 5.52 5.56 5.53
7.09 1.04 7.09 7.10 7.10 1.02 7.10 7.24
RAP3 IM950022 IM950023 IM950024 IM950025
(BR95015) 4.01 394 4.00 3.90 4.01 3.95 4.01 3.89
5.52 5.48 5.50 5.49 551 545 5.51 5.54
7.02 6.99 7.01 7.05 7.02 7.10 7.02 7.08

Note on typeface
known asphalt content
corrected asphalt content

Normal:
Underline:
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APPENDIX A

ILLUSTRATIVE EXAMPLE






Two aggregates and one RAP is available, the gradations are shown below:

Sieve size (mm) Cumulative percent passing (%)
Agg.1 Agg.2 RAP
19.0 (3/4") 100 100 100
16.0 (5/8") 99 100 99
12.5 (1/2") 95 100 94
9.5 (3/8") 88 97 87
4.75 (No.4) 75 84 67

Four mixes are produced:

mix 1 is made from Agg.1 only

mix 2 is made from agg. 2 only

mix 3 is made from 45% Agg.1 and 55% Agg.2
mix 4 is made from 70% Agg.1 and 30% RAP

Solution: First calculate the percent retained on each sieve size

Determine the weight loss factor of all four mixes assuming the design asphalt content is 4%.

Sieve size (mm) Percent retained (%)
Agg.1 Agg.2 RAP

19.0 (3/4™) 0 0 0
16.0 (5/8") 1 0 0
12.5 (12" 4 0 0
9.5 (3/8") 7 3 0
4.75 (No.4) 13 13 33
0-4.75 (-No. 4) 75 84 67

According to Table 1 in the test procedure, the sample size of all mixes is between 1500 to
2000 g. Assuming 1800 g aggregate is needed to make one sample, for each mix, 3600 g
aggregate should be batched to prepare two samples.
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Batch weight:

Assuming all aggregates have been split into the individual, in the following:
W,: batch weight of Agg.1
W,: batch weight of Agg.2
Wry: batch weight of RAP

Total weight of aggregate

Mix 1:

Size (mm)

16.0 (5/8")
12.5 (1/2")

9.5 (3/8")

4.75 (No.4)
-4.75 (-No.4)

Mix 2:

Size (mm)

9.5 (3/8")

4.75 (No.4)
-4.75 (-No.4)

Mix 3:

Size (mm)

16.0 (5/8")
12.5 (1/27)

9.5 (3/8")

4.75 (No.4)
-4.75 (-No.4)

Mix 4:

Size (mm)

16.0 (5/8")
12.5 (1/2")

9.5 (3/8")

4.75 (No.4)
-4.75 (-No.4)

W==3600 g (for two samples)

W, =3600

Batch Wt. (g)
3600-1% =36
3600-4% =144
3600-7% =252
3600- 13% =468
3600 -75% =2700

W,=3600

Batch Wt. (g)
3600-3%=108
3600-13% =468
3600 - 84 % =3024

W, =3600-45% =1620

Batch Wt. (g)
1620-1%=16.2
1620-4% =64.8
1620-7%=113.4
1620-13%=210.6
1620-75%=1215

W,:=3600-70% =2520

Batch Wt. (g)
2520-1%=25.2
2520-4%=100.8
2520-7%=176.4
2520-13%=327.6
2520-75%=1890.0

A-2

W,=3600-55% =1980
Batch Wt. (g)
1980-3%=59.4
1980-13%=257.4
1980-84% =1663.2
W =3600-30% =1080

Batch Wt. (g)

1080-33% =356.4
1080-67% =723.6



Estimation of fresh asphalt cement needed for each mix:

For Mixes 1, 2, and 3, the amount of asphalt needed to bring the mix the 4 percent AC
content is
W 3600

— Agg — . o1&
wAs;, = ——1—-_;- WAgg = T-j(‘)_w{_)z 3600 = 150 g

For Mix 4, first two representive RAP samples (2000 g each) were burned to determine the
AC content of the RAP, the result is 5.29% (with no correction for aggregate loss), the
amount of asphalt in the RAP is

We.. = 10800.0529 = 57.1 g

RAsp

the total weight of aggregate is

W, = 3600-57.1 = 35429 ¢

Agg

the fresh asphalt needed to bring the mix to 4 percent AC content is

3542.9 P
WAsp = _—:—(162_3600 = 90.5 g

Sample preparation:

The aggregate blends were heated in oven at 290+10 °F for three hours, the asphalt (120/150
Pen grade) was heated to 290+ 10 °F, the mixing bowl and whip were also heated to about
290 °F before mixing. The actual aggregate weight of the blends, the actual amount of
asphalt added to each mix, and the actual AC content of each mix are shown below:

Aggregate Wt. (g) Asphalt added (g) AC content (%)
Mix 1 3582.6 150 4.02
Mix 2 3586.5 150 4.01
Mix 3 3584.1 150 4.02
Mix 4 3552.5 92.7 4_.; 1_9______

Samples were cured in oven at 290410 °F for 45 minutes acoording to MnDOT Lab
Manual D 1805.5. Before being tested, the mixtures in each pan were mixed thoroughly and
split evenly into two samples.



The weight loss factors determined directly from tests are (see worksheets):

r1=0.96%
r,=0.81%
r;=0.93%
1,=0.77%

Knowing the measured asphalt content of RAP as pg,=5.29%, the combined weight loss
factors of Mixes 3 and 4 can also be estimated using Egs. 9 and 10.

For Mix 3
r T :
TI_PI + TZ—“P:), 0.9096 0.45+ 0.0081 0.55
_ T, 1+0.0096 1+0.0081 ~
T3comb = 1 I = I N = 0.88%
——P+ P, : 0.45+ 0.55
141 1+, 1+0.0096 1+0.0081
For Mix 4
Iy
lp 0.0096 0
T, 1-0.0096
Tyoomy 1 —— ' - = 0.68%
1~ P,+—P 1-0.0529)0.3 + — v 0.7
CPelrr o 103" 5,009
Summary of Result
Mix ID Weight Loss Factor (%) Deviation
A-B)/A - 100
Direct Calibration (A) Estimation (B) (A-B)

1 0.96 N/A N/A
2 0.81 N/A N/A
3 0.93 0.88 5.38
4 0.77 0.68 11.7

Note: It was mentioned in the report (pg. 10) that Eq. 10 gives a lower estimate of the true
combined weight loss factor. If the loss of aggregate in the RAP is accounted for, the
difference between the test result and estimation will decrease.
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IGNITION TEST WORK SHEET

™ BM 950401-1 (Mix 1) Operator \\4

BC BR

Date 12/15/95

1 2 AVERAGE

Basket # 1 3
Wt. of basket (g) A 3438.2 3333.5
Initial wt. of basket+sarrﬁﬂe (2) B 5307.1 5187
Wt. of sample (g) W;=B-A 1868.9 1853.5
Final wi. of basket+Agg. (g) C 5214.7 5095.7
Final wt. of Agg. (g) W p=C-A 1776.5 1762.2
True asphalt content p 4.02% 4.02%
Weight loss factor  r=(Wp-W,gpW1)/Wap 0.97% 0.95% 0.96%
Measured asphalt content Pay 4.88% 4.78%
Corrected asphalt content  pes=pyT v, W o/ W 3.97% 3.86%
Gradation (Y or N) N N

Gradation sample only
Pan #
Wt. of Pan (g) D
Wt. of Pan+Agg. (g) E
Wt. of Agg. inpan (g) W,=E-D
Loss of fine (g) AW =W W,
Remarks:

*: pm can be taken from the printed ticket, or calculated from (WW ,£)/Wo, the latter should be used whenever the value shown on

the ticket is questionable.
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IGNITION TEST WORK SHEET

™ BM 950403-1 (Mix 2) Operator WZ

BC BR

Date 12/18/95

1 2 AVERAGE

Basket # 4 5
Wt. of basket (g) A 3313.9 3370.7
Initia] wt. of basket+sample (g) B 5185.7 5236.9
Wt. of sample (g) Wi=B-A 1871.8 1866.2
Final wt. of basket+Agg. (g) C 5097.1 5146.7
Final wt. of Agg. (g) W, p=C-A 1783.2 1776
True asphalt content P 4.01% 4.01%
Weight loss factor  1=(W-1-W-pWp)/W o 0.76% 0.87% 0.81%
Measured asphalt content P 4.72% 4.79%
Corrected asphalt content p, =P Tavg WA/ Wt 3.95% 4.02%
Gradation (Y or N) N N

Gradation sample only
Pan #
Wi. of Pan(g) D
Wt. of Pan+Agg. (2) E
Wt. of Agg. in pan (g) W,=E-D
Loss of fine (g) HW =W W,
Remarks:

*: pm can be taken from the printed ticket, or calculated from (W--W 45)/Wr, the laiter should be used whenever the value shown on
the ticket is questionable.
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IGNITION TEST WORK SHEET

™™ BM [5950026-1 (Mix 3) Operator WZ

BC BR

Date 12/8/95

1 2 AVERAGE

Basket # 1 3
Wt. of basket (g) A 3437.6 3333.4
Initial wt. of basket+sample (g) B 5301.4 5199.8
Wt. of sample (g) Wi=B-A 1863.8 1866.4
Final wt. of basket+Agg. (g) C 5210.6 5107.8
Final wt. of Agg. (g) Wap=C-A 1773 1774.4
True asphalt content p 4.02% 4.02%
Weight loss factor  r=(Wp-W ,p-pW)/W 4 0.90% 0.96% 0.93%
Measured asphalt content P 4.81% 4.80%
Corrected asphalt content  p.=p,,-Tay;War/Wr 3.93% 3.92%
Gradation (Y or N) N N

Gradation sample only
Pan #
Wt. of Pan (g) D
Wt. of Pan+Agg. (g E
Wit. of Agg. Inpan (g) W,=E-D
Loss of fine (g) AW =W ,p-W,
Remarks:

*: pw can be taken from the printed ticket, or calculated from (W-W,g)/Wr, the latter should be used whenever the value shown on
the ticket is questionable.
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IGNITION TEST WORK SHEET

T™ BM [950014-2 (Mix 4) Operator WZ

BC BR

Date 11/1/95

1 2 AVERAGE

Basket # 3 5
Wt. of basket (g) A 3331.8 3370.9
Initial wt. of basket+sample (g) B 5177 5163.7
Wt. of sample (g) W;=B-A 1845.2 1792.8
Final wt. of basket+Agg. (g) C 5090 5074.9
Final wt. of Agg. (g) W,p=C-A 1758.2 1704
True asphalt content p 4.10% 4.10%
Weight loss factor  r=(W-W sz-DW1)/W s 0.65% 0.90% 0.77%
Measured asphalt content i 4.69% 4.94%
Corrected asphalt content  p.=py-Tayvy W ar/ W 3.95% 4.21%
Gradation (Y or N) N N

Gradation sample only
Pan #
Wt. of Pan (g) D
Wt. of Pan+Agg. (g E
Wt. of Agg. inpan (g) W, =E-D
Loss of fine (g) AW =W ,x-W,
Remarks:

*: Pm can be taken from the printed ticket, or calculated from (WW 4g)/Wr, the latter should be used whenever the value shown on

the ticket is questionable.
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APPENDIX B

COMPLETE TEST AND CALCULATION RESULTS
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