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EXECUTIVE SUMMARY 

This report presents the material charalcterization for the Minnesota Road Research 
Project (MdROAD) 5- and 10-Year Mainline and Low Volume Road bituminous test cells. 
The material characterizations of these mixturllss will provide the historical base line 
information on properties needed for the validation of future pavement evaluation and design 
models. The initial laboratory testing of the 5-Year Maiinline bituminous materialls also served 
as an evaluation of test methods subsequently used in the evaluation of the 10-Year Mainline 
and Low Volume Road fdcility materials. 

The objectives of this report were to: 

1 .  Document construction of the test cells. 

2. 	 Establish a series of laboratory test methods �or characterizing the temperature 
susceptibility, moisture sensitivity, low temperature behavior, and pmnanent 
deformation characteristics of alsphalt concrete materials I 

3. 	 Develop a data base of material properties that ,will be used in the development 
of mechaniistic pavement designs ~ 

Documentation of the bituminous test celll construction includes mix designs, 
development of rolling patterns with the constiiuc:tion of test pads, a description of ihe actual 
construction, and a summary of construction testing. 

The laboratory testing program for materials characterization evaluated a variety of test 
methods developed by the Strategic Highway Research Program (SHRP), the National 
Cooperative Highway Research Program (NCI-IW) and the Federal Highway Adrninistration 
(FHWA). The test methods shown in the tablle below were selected based on the rnost 
currently available information as well as the ability for test results to be used in eirher 
established empirical-mechanistic or proposed mechanistic pavement design approaches. 

Materials tested in this program included laboratory-prepared loose mix (mix design 
materials), beihind-the-paver samples, and cores. The testing program for the cores was 
limited due to sample size requirements for several of the tests. Specific load levels and 
variations of cach test method are discussed in detail in Chapter Four (Testing Program) in the 
main report. 

Some general observations that can be imade about the JMn/ROAD mixtures are as 
follows: 

1I 	 Temperature susceptibility, using resilient modulus testing (ASTM Cb4123) over 
a range of test temperatures, showed that mix diesign materials significantly 
under-predicted the moduli of the 120/150 pen asphalt mixtures when compared 
to the behind-the-paver materials. However, the higher viscosity AC: 20 mix 
design moduli were generally similar to those obtained for behind-the-paver 
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materials. This suggests that the lower viscosity asphalt may be more 
susceptible to aging (i.c an increase in moduli) during production tlhan the 
higher viscosity asphalt. 

2 ~ 	 Resilient moduli for mix design materials significantly under-predicted the cold 
temperature moduli for the cores from the 120/150 pen asphalt 10-Ylear 
Mainline test cells and over-predicted the warm temperature moduli. However, 
it should be noted that wet cores were sealed in plastic containers immediately 
after coring and then placed in cold storage until testing. This resulted in 
unplanned moisture conditioning of the cores and may be a significant factor in 
these comparisons. 

Experimental Design for the Laboratory Characterization of Asphalt Concrete Materials 
for Mnl/ROAI). 

Diametral Resilient 

Dynamic Modulus 

1: 	 Initially used by SHRP researchers during A-003A contract. The final SHRP recoimrnendalion was direct 
shear but the equipment was not available at the time this work was started. 

3. 	 Aspkralt content did not have a significant influence on either temperatuire 
susct:ptibility or the magnitude of resilient moduli for a given asphalt grade. 

4. 	 Gyratory compaction of materials produced mixtures with similar moduli values 
at a given test temperature for both the 120/150 pen asphalt and the AC 20. There 
was also no significant difference between mix design and behind-the-paver 
materials. 

.... 
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5 .  	 The tensile strength of mixlnres prepared with the AC 20 asphalt were 
approximately 20 percent greater than thost: prepared with the 120/1.50pen asphalt. 
The tensile strengths of the be:lhind-the-pawer materials were either similar to or 
greater than the tensile strengths for mix design materials. 

6. 	 There was no clear trend between tensile strengtlh ratios for mix design and behirnd­
the-paver materials. 

7. 	 Low temperature [1"C (34"F)I tensile strengths at slow rates of deforniation (0.0125 
mm/min) were similar for the mix design and behind-the-paver ma,terials. The 
tensile strength of the cores WiiS approximately half of those for either the mix 
design or behind-the-paver materials. The horizontal strains for cores were about 
5 times greater than those for eitlher of the other two sources of imaterials. The 
most likely reason for tihis difference is a difference in air voids between the sample 
sets (approximately 4 percent filx mix design aind behind-the-paver, and between 
6 and 8 percent for cores). 

8. 	 The creep compliance determined from unconfined static creep testing at 25%; 
(77°F) was similar for both the X20/150 pen and AC 20 mix design mixtures. 
However ~ there was a significant difference in the compliance for thc behind-tk­
paver materials with tlhe 120/150 pen asphalt mixtures showing a much greater 
compliance ( i~e ,failed) than the: AC 20 miixtures. 

..*,
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CHAPTER ONE 

INTRODUCTION 

In the late 1950's and early 1 9 6 0 ' ~ ~the American Association of State Highway 

Officials (AASHO) underiook a large pavement performance experiment in Ottowa , Illinois, in 

which large cargo trucks were driven over a number of asphalt and concrete road structures for 

two years. Pavement conditions, in terms of roughness (ride (quality)and distress, were 

monitored to define when pavement sections hiad failed. These were empirically related to the 

initial pavement structures in terms of layer thicknesses and miaterial qualities. The resulting 

performance equations then formed the basis of Jhow most of the pavements in the lJnited 

States were designed. Local calibrations of these equations were developed to account for 

deviations in climatic and soil conditions in different parts of the country. 

While the AASHO Road Test equations were adequate for the time period in which 

they were developed, there were several shortcomings. 'The AASHO Road Test was conducted 

over a two-year period, so while the contribution of traffic loadings to failure was well related, 

the contribution of climate was minimized, and the interaction between traffic and climate 

could not be adequately described. Also, because of the empirical nature of the equations, 

changing conditions in traffic loads and new materials could not be incorporated in the design 

procedure. SO,while the empirical equations wcre relatively simple, they lacked the flexibility 

to handle change. Some examples of changes in traffic loadings included the use of higher 

pressure tires (from about 75 psi in the late 50's to 105 psi in the late ~ O ' S ) ,higher volumes of 

truck traffic using roadways due to the closure of railheads and the use of radial tires instead of 

bias-ply tires (they have different contact pres:;ure distributions and tracking characteristics). 

New materials such as polymer modiiied asphdlt binders and asphalt-rubber could not be 

accommodated because they did not fit the model used to describe pavement performance at the 

AASHO Road Test. 

Researchers such as Monismith, Finn, Mahoney, Epp!; and Newcomb began 

developing mechanistic-empiricalapproaches io pavement des ign which offered am improved 
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flexibility in accourating for changes in loadings and materials. Most of these are based on 

layered elastic: analysis wherein loads are descii-ibed in terms of their magnitude and geometry ~ 

and materials in terms of their elastic parameters (Young’s modulus and Poisson’s ratio). 

However, such efforts have met with limited success because of a lack of information 

concerning traffic and seasonal changes in matenal properties. The resulting failure criteria 

(relationships between pavement responses andl perfonmaince) have been based on sketchy data, 

so there has been no widespread movement to adopt mechanistic-empiricaldesign procedures 

Thus, there was a need to research pavements OM a large scale and explain the performance i n  

mechanistic terms. 

A number of test tracks have been or are being constructed, artificial loading facilities 

(ALFs) have been built, and long-term pavement performance (LTPP) studies are being 

conducted. Specific objectives are being addressed withiin each of these, and an ovt:rview of 

these will be presented below. 

Test tracks (aredefined as closed facilities with full-scale pavement features, trafficked 

by typical highway vehicles (trucks). Existing test tracks include the Federal Highway 

Administration (FHWA) access road into the T’urner-FairbanksResearch Center, the Nardo 

Test Track in Italy, the Virttaa Test Road in Finland, ithe Penn State Test Track, and 

WcsTrack. The access road at Turner -Fairbankswas more of a study of instrumentation 

placement and variabilif y in readings fhan anytlhing to do with pavement performance. Several 

strain gauges m asphalt concrete were placed longitudinally in a line. The results dlescribed the 

spatial variability in tensile strain under controllled conditions ~ Only one pavement Icross­

section was used in this road. The Organization for Economic Cooperation and Development 

(OECD) sponsored a pavement instrumentation evaluation at Nardo where researchers from 

several counlries gathered to compare results obtained from different methods of inr;trumenting 

pavements. ‘TheVurttaa Test Road in Finland 11sactually part of a widened asphalt roadway 

which is used as an emergency airfield by the Finnish Ail-Force. Only four pavement sections 

exlist at Virttaa whiich are instrumented with strain gauges and displacement transducersI 

Recent modifications have allowed them to invlestigate the: effects of saturation levels in the sail 

on pavement responses. The Penn State Test ‘l’rack was lbuilt quite a few years ago to study 
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the effects of construction variables. It is a two-lane facility, three miles in length. It was 

most recently used to study pavement instrumenl-ationperformance. WesTrack was 

constructed during the fall of 1995 near Fallon, Nevada. This test track is an FHVIrA projeci 

constructed for the puirpsse of verifying the effects of construction control on pavement 

performance 

ALFs are devices used to apply a large number of simillated traffic loadings on a 

pavement in a very short lime period. They may either be fixed or mobile devices. These 

exist in France, Australia, South Africa, FHWA (Turnex-Fairbanks), Indiana, Louisiana, 

California, and Texas. These are used to applly large numbers of load repetitions (usually to 

failure) to full-scale pavements quickly. It is impossible to incorporate the effects of climate in 

such studies, but they are useful in terrns of investigating the effects of changing load 

conditions and the effects of new materials. 

The Strategic Highway Research Program (SHRI') initiated a long-term pavement 

performance study in 1987 which is being carried forwaird by the FHWA. On the order of 

2000 existing and new concrete and asphalt pavrment sections throughout the U.S. are being 

monitored in terms of traffic, general ambient cllimate and performance. A very limited 

number of these are instrumented to study the effects of moisture and temperature in the 

pavement. An even more limited number of sections of new concrete and asphalt pavements 

will be instrumented �or responses, and this Inuist be doine at the individual state's expense. 

Tow of these are being constructed in Ohio and one was built in North Carolina. 

MdROAD differs from the above facilities and studies in a number of ways. First, it 

has 40 asphalt, concrete and gravel-surfaced pavement sections which span designs from low-

volume road:; to interstales. The pavement sections were desiigned so that different 

combinations of materials, layer thicknesses, design details and drainage schemes Eould be 

evaluated ~ All pavement sections are instrumented to monitor pavement responses including 

pressures, strains and displacements, and subsurface coriditioins of moisture conterit, moisture 

state, ground water levell and temperature. 

The MnIROAD facility is located paralld to Interstate 94 (1-94) in Otsego, Minnesota 

which is approximately 40 km (40 miles) nonlhwest of the Mnnneapolis-St. Paul metropolitan 



area and consists of 4.8 km (3 miles) of two-lane interstate as well as 4 kmi (2.5 miles) of 

closed-loop low volume test track. The 1-94 traffic, an estimated 14,000vehicles per day (15 

percent trucks), is periodically diverted onto the high vollume facility where 23 heavily 

instrumented test cells will be subjected to live traffic loads. The IOW volume facility with 1'7 

test cells, including portland cement concrete, asphalt cement concrete , and various aggregate 

surfaces, will be subjected to controlled loading by a single vehicle circling the two-lane test 

track. The inside lane is trafficked four days a week with an 80,000 lb. truck; the outside lane 

is trafficked one day a week with a 102,000 Ib. truck. 

The interstate portion of the test facility has been divided into two parts, referred to asl 

tht: 5-Year and 10-Year Mainline. These interstate sections have been designed for an 

esiimated 5- and 10-year design life, respectively. Both the 5- and 10-Year Mainline have both 

portland cement corxcrete and asphalt concrete test cells. Figures 1.1, and 1 2 show the 

various structural layouts of the 5-Year and 10-Year, and Low Volume asphalt concrete test 

cellls, respectively. 

The materials characterization results for the asphalt concrete used at MdROAD is 

presented in this report. 
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Figure ILL Layout of the 5- and 10-Year Mainliine Asphalt Concrete Test Cells. 
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Figure 1.2. Layout for the IKIWVolume Road Asphalt Concrete Test Cells. 

QIMECTlVES 

The objectives of this research were to: 

1. Document the construclion of the test faclliities. 

2. 	 Establish a series of laboratory test methods for characterizing the temperature 

susceptibility~ moisture sensitiviity, low temperature behavior, and permanent 

defoirmation characteristics of the asphalt concrete materials. 

3. 	 Devdop a data base of material propertlies to be used in the developnient of 

mechanistic pavement designs, 
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SCOPE 

Construction of all of the bituminous tesl cells at Mn/ROAD are documented in this 

report. The laboratory testing program for thie materials characterization used a variety of test 

methods developed by SHRP, the National Cooperative ]Highway Research Program (NCHRI’) 

and the FHWA (1,2,3). Test methods were selected based upon the available idormation as 

well as the ability for test results to be used in1 eiither establishled empirical-mechanistic or 

proposed mechanistic pavement design approaches. Table 1.1 shows the general approach for 

this testing program. 

Table 1.1. Approach for the Materials Characterization of Asphalt Concrete. 

Susceptibility 

Xametral Resilient 

Modulus 


(ASTM D4123) 


Dynamic Modulus 

(Diametral and 


Uniaxial) 


- - - - - ~ --
Fundamenral Mixture Propmies 

Dcformat ion 
Characteristics 

Modified Lotlmatn Ind.irect Tensile Creep
(ASTM D4867) (Const,antStress) 

Net Adsorption 

Constant Rate of 

Deformation 


Indirect Tensile Creep 


Axial Repeated Load 
and Static Creep 

Materials tested in this program includied laboratory-prepared loose mix (mix design 

materials), behind-the-paver samples (field-mixed, laboratory compacted), and cores . This 

testing provided a comparison of mixture properties obtained during mix design 10 those of the 

mixtures produced during construction at the same level of compactive e�fort. Differences in 

properties beiween these two sets of samples will be due to changes in the cold fked aggregate 

gradation, fluctuations in asphalt cement content, and aggregate degradation during production. 

Test results for the cores will provide information as to the in-place properties prior to traffic 

loadingI 
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The testing program for the cores was lliniited due to sample size reqluiremeiits for 

several of the tests and the number of cores obtained prim to opening the facilities to traffic. 

Specific load levels and variations of each test method are discussed in detail in Chapter Three, 

Testing Program. 
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CHAPTER TWO 


MATERIALS AIW MIX I)ESI(GNS 


MATERIAL PROPERTIES 

Aggregates 

Three stockpiles of aggregates were used for the Mn/R.OAD asphalt concrete mixtures. 

The majority of the mix was comprised of two stockpiles obtained from Buffalo Bituminous':; 

Crow River 19it in Buffalo, Minnesota; both 01' these were partially crushed river gravel. The 

third stockpile was obtained from Meridian, Iiic in St. Cloud, Minnesota and was a 100 

percent crushed granite (CA-50) (4) ~ The physical properties, stockpile gradations, and 

blending percentages used to prepare the mix design materials and the adjusted percentages 

used for construction are shown in Table 2.1I 

The combined gradation was held constant for all asphalt concrete mixtures for all test 

cells.t however the blending percentages used un construction were different than those used for 

preparation of the laboratory-prepared mix design materiials. The original gradaticn blend was 

selected during the mix design work completed by the M[innesota Department of Transportation 

(MdDOT) prior to construction. Aggregate sll.ockpiles were re-sampled just prior lo the start 

of the construction; this check showed that the gradation blends needed adjustment to 

compensate for increased and erratic fines content. The conslruction stockpiles were 

eventually reworked so that a consistent gradaition was achieved during constructiion and no 

further blending adjustments were needed. 



Table 2.1. Aggregate Properties for Mn/ROAD Asphalt Concrete Test Cells. 

Asphalt Cement 

Two grades of binder, a 120/150 penetiralion grade and and AC 20 viscosity grade, 

were supplied by the Koch Refinery in Rosemount, Minnesota. Only the 12,0/150pen grade 

was used for the 5-Wear Mainline (1 through 4)and the Low Volume Road (24 thrcugh 31) 

test cells. Test cells 14 and 20 through 23 in the 10-Year Mainline were constructed with the 

120/150 pen asphalt while test cells If5 through 19 had the AC 20 asphalt. A comparison of 

the binder properties and the relevant binder specifications are shown in 'Table 2.2. 
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Table 2.2. Physical Prolperties of Asphlalt Cements. 

---:Not applicable 

MIX DESIGNS 

Precornstruction work consisted of comlpleting four mix designs: 1) 35-blow Marshall, 

2) 50-blow Marshall, 3) 75-blow Mairshall, anid 4)the SI-IFW ]Level 1 (volumetric: nnix design). 

The first three were performed by the Minneslota Department of Transportation (MdDOT) 

Materials, Research and Engineering Laboratory in Maplewood, Minnesota. The ,4sphalt 

Institute in Lexington, Kentucky performed the SHRP mix design. These were used for all of ~ 

the MdROAD asphalt concrete test cells. 

Mix designs were limited to determining the optimum binder content for mjxtures 

prepared with the 120/150pen asphalt cement. The same optimum asphalt content was used 



with the AC-20 so that the binder content for lcomparisons of the 120/150 and AC 20 test cells 

would have a consistent amount of asphalt. Mixing temperatures were adjusted to achieve an 

equivalent viscosity. 

Mlarshall Mix Desiiigns (35,50, and 75 Blow) 

Sample Preparation 

The appropriate percentages of each of three aggregate stockpiles were combined and 

heated to 150°C (300°F) for at least 4 hours prior to mixing. The asphalt cement was heated to 

135°C (275°F) for a maximum of 4 hours. A llarge mixer was used to prepare approximately 

1CB kg (22 lb) batchw at each of five asphalt cement contents. Each batch was used to prepare 

five samples; three samples were compacted for mix design testing and the remainder was used 

for determining the: theoretical maximum spec ~ficgravity I Samples were compacted 

immediately after mixing with a rotating base, bevel head Marshall hammer ~ 

Marshall Mix Designs 

Testing included determining the bulk iind theoretical specific gravitiies ~ air voids, 

Marshall stabilities, flow, voids in mineral aggregate (VMA), and the percent of voids filled 

with asphalt (VFA) The results of the testing are shown in Table 2.3. The optimum asphalt 

content was selected as the percentage that would produce 4 percent air voids Based on this 

criterion and the data in Table 2.3, the optimum binder contents were selected as 6.4, 6.1, and 

5.9 by weight of tslal mix for the 35, 50, and 75 blow mix designs, respectively. 

12 




Table 2.3. Marshall Mix Design Results (lIl20/150 Penetration Grade Asphalt Cement). 
(Reported lby Mn/DOT) 

1: Percent by weight of mixture. 

Gyratory Mix Design 

Sample Preparation 

Aggregates and asphalt cement were batclhed as described in the Asphalt Institute's 

Manual Series No. 2 on "Mix Design Method!;" (5). Once mixed, the loose-mix was stored 

for 4 hours in an oven set at the desired compiiction temperature which was approximately 

135°C (275°F). A set of three samples for each of four percentages of asphalt contents was 



then compacted using a Rainhart gyratory compactor with a 1.25”angle of gyration, and a 

rotational speed o f  30 rpm. Samples were cooled and extruded as in the Marshall mix design 

method. 

SHRP L,evel 1 Mix Design 

The SHRP Level 1 mix design uses a volumetric approach to select an optimum asphallt 

content. This method specifies a preliminary procedure for defining an appropriate aggregate 

gradation, followed by Ihe selection of an optimum binder content for the selected gradation. 

In the case of the M[n/ROAD design, the gradation was restricted to that initially selected withL 

the Marshall mix design. 

If the gradation had not already been fixed during the Marshall mix designs at the start 

of the prqject, the complete gyratory mix design would have consisted of the following steps. 

First, three different gradations would be seleciled; typically one fine gradation and two coarse 

would be used. The optimum asphalt content would be estimated based on the gradation, and 

this would be used to fabricate one set of three samples for each gradation. The voids, VMA, 

and VFA would be evaluated according to SHFT criteria and the best would be selected or, if 

none were acceptable, other gradations would be tried at this point. 

Once a gradation is selected?as was the case for the MdROAD mate:rials, a set of three 

samples is fabricated for the optimum asphalt content aind 3 0.5 percent of optimum asphalt 

cement contents. ‘The change in density during compaction was monitored at three levels of 

cornpaction (i.e I ,  nLumbers of gyrations) during sample fabrication. The criteria for selecting 

the optimum asphalt content at a predetermined number of maximum gyrations was: 

1. A deimsity of less than 89 percenf of maximum at the initial number of gyrations. 

2. Four percent air voids at the design compaction effort. 

3. A deimsity of less than 98 percent of maximum at refusal. 

The gyratory mix design results, based on a design number of 100 gyrations (selected 

by the Asphalt Institute), for the MdROAD aggregate gradation are shown iin Table 2.4. 

Ba?;edon these results, the optimum asphalt content was selected as 5.6 percent. 
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Table 2.4. Gyratory Mix Design Results. 

1: Percent by total weight of mixture. 

The numbers of gyrations at which the density was monitored was dependent upon the 

desired compactive effort and was selected by the Asphalt Institute from (6). This selection 

was based upon the anticipated in-service average high air temperature and the estimated level 

of design traffic. 
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Discussion of Results 

Table 2.5 compares the optimum binder contents and the corresponding VMA and VFA 

for each of the four mix designs. As expectedl, both the asphalt content andl the VMA 

decreased as the compactive effort increased. The VFA is approximately 78 percent for the 35 

blow Marshall mix design. This decreased to approximately 74 to 75 percent for the 

remaining mix designs. 

Table 2.5. Comparison of Mix Design Results. 

Mix Design Method 
Cement Content 

17.4 78.5 
1---

16.8 74.4 
--1-


16.5 75.0 

atory I 5.6 I 15.5 
1 

While the SHFW Level 1 mix design w,as used for selecting a gyratoi-y-basedoptimum 

binder contenl ~ the SHKP gyratory 1x:vel 2, ox preferably Level 3, mix design is recommended 

for the design of a high traffic level faility such as MdROAD. Both of these design levels 

select the optimum asphalt cement content based not only on volumetric parameters but also an 

evaluation of mixhure properties. These advanced levels of mix design were not completed for 

MdKOAD because construction preceded the final development of SHKTP equipment and test 

mcthods. It is anticipaied that this work will be completed at a later date. 
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CHAPTIIER THREE 

CONSTRUCTION 

Materials sampled at the time of constiuction were taken from behind the paving 

machine, stored in metal buckets, reheated and c:ompacte:d in 1.he laboratory prior ti3 testing. 

The reason for testing the mixtures in this condition was to establish the material properties at 

the time of construction, and ascertain how they changedl from the mixture design ]phase. Since 

the compaction methods and compactive effort was the same its that at the time of mixture 

designed, it is assumed that any differences in1 the mixture would be the result of the 

construction process, e.g., changes in aggregate gradation through abrasion, higher asphalt 

absorption due to plant temperatures being hotter than laboratory mixture temperatures, etc. 

During Construction Braun Intertec, Inc. ~ St. Paul, Minnesota, provided construction 

control testing services which included monitoring density, specific gravities, and air voids ~ 

CONSTRUCTION OF TEST PADS 

Pavement test pads were constructed tli3 cstablish compactor rolling patterns September 

21 and 22, 1992. Three bituminous mixtures were used over three types of base materials. 

‘The gyratory-design mixture was placed on prepared subgradie in two lifts were ccastructed. 

The 75 and 35 blow design mixtures were coiiislructed on 33 inches of class 4 special base 

aggregate and 28 inches of class 4 special topped with 4 inches of class 3 special, respectively. 

Again, two lifts were constructed. Definitioriis of base aggregate specifications art: shown in 

Table 3.1 ~ 

During construction, the mat density was measured with a nuclear density gauge after 

every pass of the roller. The final rolling pai.ttt:rns established �or the test pads are shown in 

‘Table 32.  13ituminous material samples werli? iiilso obtavned during the test pad construction; 

the test results for these materials are shown in Table 3.3. 
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Table 3.1. Base Aggregate Specifications (7). 

100 .. .- --. 
95 - 100 100 100 
90 - 100 90 - 100 85 - 100 

100 __I ___  _ _  -
95 -100 80 - 95 70 - 85 50 - 70 
85 -- 100 '70 - 85 55 - 70 30 - 50 
65 - 90 55 - 70 35 - 5s 15 - 30 
30 - 50 15 - 30 15 - 30 5 - 15 
8 -- 15 5 - 10 3 - 8  (3 - 5 

-I--_ 

35 max. 35 max. 25 Inax. 25 max. 
< 12 < 6< 12 - - ~ - _  < 6  

I1_--

not specified 	 riot specified min. 100% 
----_ crushed 

Table 3.2. Rollling Patterns Established from the Construction of Test P'ads. 

70 to 76 mrn (2.75 and 3 in) Base 
Breakdown Steel (Static)
Pneumatic 
Finish Steel (Static) 

38 mm (1.5 in) Base and Wear 
Breakdown Steel (Static)
Pneumatic 
Finish Steel (Static) 

4 
4 
4 

4 
4 

2 
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Table 3 3 ,  Bituminous Mixtilure Properties for Test Pads (8). 
-

Test Cells (R 

Pad 1 
(Re resenrative of 1)__e71 

Course Base Base Base Base I Base
I-

Lift 2nd 1st - - 2nd 1st I 2nd -i(in.) 
70 (2.75) 

- -
38 (1S O )Lift Thickness, mm

11 Y D O T  2331 1 2331 2331 
S ecification 7.5 blow 7523b:;w 35 blow 35 blow 

2.380I/ Bulk Specific Gravity 2.406 2.394 2.374 - -2.356 ~ - - - 2.381 

Maximum Specific 2.457 2.490 2.424 2.464 2.471 2.468I/
11 

Gravity - -

Air Voids, % -2.1 I 3.9 2.1 4.3 

13.6 I 13.6 15.2 -I 15.5 

Stability, N (Ibs.) 	 8376 11898 6187 7361 
(1883) (2675) (1391) - -(1655) 

10.1 - - 8.3 7.7 ]A-
Extracted Asphalt 6.7 5.6 
Content, % 

Sieve Analysis After 

Extraction: 

19 mm (3/4 in) 100 100 100 100 100 

16 mm (5/8 in) 99 99 100 99 

12.5 mm (1/2 in) 96 94 94 94 

9.0 mm (3/8 in) 81 84 84 84 85 

4.75 mm (No 4) 63 65 65 66 68 

2.0 mm (No. 10) 51 52 52 53 55 

1.0 mm (No. 20) 39 39 40 40 42 

0.45 mm (No 40) 25 26 26 26 27 27 


I--
0.25 mm (No 80)

0.075 mm (No. 200) 511 I 49 5.2 -- - 4.9 4.6 4.6 --
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5-YEAR MAINLIIW 

The test cell layout was shown in Figure 1.3. The base materials for the 5-Year 

Mainline had been ]placed and compacted during the spriing and summer of 1992; thLe 

subsurface instrumentation was also placed at thiis time. All lifts were placed starting with test 

cell 4 and ending with test cell 1. 

Tht: asphalt content for the binder and wear courses were selected for the 1 through 4 

based on the 75 blow, 35 blow, 50 blow, and gyratory mix design, respectively. Test cell 4 

was the only full depth pavement structure in the 5-Year Mainline; 8.75 inches of bituminous 

materials were placed over graded and compacted subgrade 

Originally, plans called for the use of a slide-feed conveyor belt for loading the hot mix 

into the paver so thLiit haul trucks would not be traveling over sensors placed on the top surface 

of the base. However, equipment difficulties led to ~e abandonment of this idea within the 

first three hours of construction. Equipmen! difficulties that led to this decision included 

frequent failure of Ithe conveyor and the subsequent delay in construction. The construction 

process was changed to allow the truck to Qisclhargedirectly to the paver, arid the sensors were 

cointinuously monitored by research personnel. A reasonable construction pace was resumed 

with no damage to the sensors. 

Once the constniction problems had been corrected, the first lift of test cell 4was 

placed on September 23, 1992. The first lift of the remaining three test cells and the second 

lift of test cell 4were placed on September 24, 1992. The second and third lifts for 3 through 

3, and the third and fourth lifts for 4 were placed on September 25, and September 28, 1992, 

respectively. Sensors within the asphalt concrete were installed in each test cell about one 

month after construction. Cores were removed to place these sensors. These cores were 

tested for this research program. 

Canstruction Quality Control Testing 

Field bitumiiinous mixture testing and asphalt cement extractions were perfonmed by 

Braun Intertec. Buffalo Bituminous, Inc., the paving contractor, was responsible for mixture 

sampling and measuring virgin aggregate gradations. The results of this testing are 
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summarized in Table 3.4. 

The average air void contents for each of the lifts in all four test cells were relatively 

consistent at around 4percent. Marshall stability followed the expected trends of increasing 

stability with increasing compactive effort. VMA were also as expected with the 35 blow mix 

design having the highest (around 16 percent) arid the 75 blow and gyratory mix design 

showing the lowest (around 14.7 percent for either). The 50 blow mix design VMA was in 

between these values but close enough to the '75 and gyratory so that the difference may not be 

statistically significant. 

The extracted asphalt contents; show that test cell 2, the 35 blow mix design, was 

constructed with about 5.8 percent (average of all lifts); this was 0.6 percent lower than the 

design content of 6.4 percent. Test cell 3 (50 blow mix design) showed an asphalt content of 

5.6 which was 0.5 percent lower than the mix design recommendation of 6.1 percent. Both 

test cells 1 arid 4, the 75 blow and gyratory designs had binder contents of 5.3 percent which 

were 0.4and 0.3 percent lower than the design (contents.,respectively. While the actual binder 

contents of the test cells 2, 3 ~ and 1 (35~ 50, and 75 blow , respectively) were subsiiantially 

below the design content, the differeince between each consecutive binder content is still 0.3 

percent. This matches the intended differences between the design asphalt content,s. However, 

there was no difference between the average 75 blow and the gyratory design asphalt content. 

The actual differences in the asphalt contents foir each test cell will need to be conslideredin 

any comparison of mix design and constructicm material properties. 
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Table 3.4. Test Results During the Construction of the MnIRBAD 
5-Year MainliilneTest Cells (9). 

11 Asphalt Grade ---& 120/150 pel 

Wear Base Base Wear 

3rd 1st 2nd 3rd 

Lift Thickness,)in. 38 38 70 38 38 
(1.50) (2.75) (1.50) (1S O )

I_---- --_ --__ --___I 

Mn/DOT Specification 2331 233I 2331 2331 2331 
75 blow 75 blow 35 blow 35 blow 25 blow 

~ - " -_I_11 Eiulk Specific Gravity__-.-. 2.366 2.381 2.346 

ItMaximum Specific 2.46 1 2.472 2.453 

Air Voids. % 3.9 ~ - -3.8 4.4 
_ I ~ 1 _ 1 ~ _ - IIt- 7 

14.3 15.9-----__ --I 

14.9 ~ - -
7606 8456 5658 

(1710) (190 1) (1272)~ ~ - - - __.___I 

7.1 - 10.3 7.9~ -
Extracted Asphalt Caaitent, 5.3 5.3 5.51b 
Sieve Analysis After 

Extraction: 

19 mm (3/4 In) loo 100 100 

16 mm (5/8 in) 99 99 99 

12.5 mm (1/2 in) 94 93 94 

9.0 mm (318 in) 85 83 85 

4.75 mm (No. 4) 68 64 68 

2.0 mm (No. 10) 56 52 55 

1.0 mm (No. 20) 43 39 42 

0.45 mm (No. 40) 27 25 27 

0.25 mm (No. 80) I_.- -_­


-. 0.075 mm (No. 200) 4.8 4.5 4.9 


-_I-

2.339 2.343 

2.440 2.446 
-I_--

.--- 4.2 4.2 

.--- 16.4 16.2 

5093 5480 
(1145) (1313)
.I____ 

.--- 7.6 10.8 

5.9 5.9 

100 100 
99 99 
94 94 
85 85 
69 68 
57 56 
4.4 42 
2,s 27 
-
5.0 4.8-____ 
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Table 3.4 (continued). Test ReePiults During the Construction 
of the Mn/ROAD 5-Year Mainline Test Cells (9). 

Asphalt Grade !0/150 p 120/ 

Course Base Base Wear Base Wear 

Lift - 1st 2nd 3rd 2nd 3rd 

Lift Thickness, in. 70 38 38 38 38 
(2.75) (1.50) ( I  S O )  (1SO) (1.50) 

Mn/DOT Specification 233 1 
50 

blow 

2331 
50 

blow 

%331 
50 

blow 

2331 
gyratory 

2331 
gyratory 

))I-Bulk Specific Gravity 2.361 2.3.59 2.362 2.354 2.364 -. 2.363

11Maximum Specific Gravity - 2.467 2.464 
I-

2.479 2.481 ~.2.4692.464 

4.3 4.3 4.1 5.1 4.7 ~. 4.3 -_. 

15.1 15.3 15.3 15.1 14.7 14.9 

Stability, N (Ibs) 7036 6351 7317 7797 7810 8220 7957 
(1582) (1428) (1645) (17.53) (1756) 

I---­

(1848) -. (1789)ll Flow. 0.25 mm 6.0 6.0 10.6 7.0 6.9 6.3 ~.10.6 
I----

Extracted Asphalt Content, 5.5 5.7 5.6 5.3 5.1 5.3 5.4II 5% 

Sieve Analysis After 
Extraction: 
19 mm (3/4 in) 100 100 100 100 100 100 100 
16 mm (5/8 in) 99 99 100 99 99 99 100 
12.5 mm (1/2 in) 94 93 95 93 93 92. 9.5 
9.0 mm (3/8 in) 85 84 85 85 84 83 87 
4.75 mm (No. 4) 68 68 68 70 68 66 67 
2.0 mm (No. 10) 56 55 55 28 56 54. 56 
1.0 mm (No. 20) 42 42 42 44 42 41 43 
0.45 mm (No. 40) 27 27 27 27 28 26 27 
0.25 mm (No. 80) _I_ _ _ _  _ _ _  

' 0.075 mm (No. 200) 5.0 4.4 4.7 4.4 4.9 4.!J 4.7 -.-

23 
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10-YEAR MAINL,Il"E 

Nine of the LO test cells (14 through 22) were constructed in July, 1993 as the 10-year 

design life portion of the MdROAD facility. The last test cell, 23, was constructed at the end 

of September, 1993. Variables for the test cellls included asphalt grade and content, layer 

thicknesses, and base materials (Figure 1.2)- Construction control testing included two tests 

for each lane for aggregate gradation, extracted asphalt content and aggregate gradation, and 

air void content (rotating base Marshall hammer). These results are shown in Table 3.5. 

Additional testing was conducted to detenmine the moisture content of the individual 

aggregate stockpiles as each lane of each test cell was constructed. Plant changes to account 

for the aggregate stockpile moisture content were not made for either the first or second lifts m 

cells 16 through 22 and the first through third llifis for cellls 14 and 15. Computer c:ontrol 

inputs were changeld every 30 to 45 minutes for the next lift of all cells to account fro moisture 

content changes. A moving average of three moisture content measurements was used to mak:e 

plant control adjustments for the last lift and the computerized plant records were obtained foi­

coiinparisoxis. 

Influence of Aggregate Stockpile Moisture 011 Mixture Air Voids 

The first lifts for test cells 14 and 15 were placed on the first day of paving and this 

portion of the construction was not included in the analysis. The second and third lifts for 

cells 14 and 15 and the first and second lifts of the remaining cells were placed on the second 

and third days of construction. All lifts were placed starting from outside lane in cell 22 and 

ending with cell 14. Each afternoon, the passing lane was placed, again starting with cell 22 

and ending with cell 14. The aggregate stockpile moisture was measured at the begimng of' 

each day, but no changes were made in the mixture proportions. The decision to make no 

changes was based on both the contractor's and testing laboratory personnel's opinbn that 

since the weather h,ad been consistently clear, there would be major changes in stockpile 

mc~isture. 
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Table 3.5. Test Results Diirikng the Construction of the 
Mn/ROAD 10-Year Mainline Test Cells (9). 

Asphalt Grade I 120/150 en -.­

(:ourse Base 
I 

Base 
I +-

Wear Base Base 1 Base Base Wear 

I ,ift 1st 2nd 5th 1st 1 2nd } :3rcl 1 4th 5th
I­

1,ift Thickness, mm (in.) 76 70 38 50 
(1.50)(3.00) (2.75) ~-(3.00) (2.75) (2.00) (1.50) (1.50) 

h4n/DOT Specification 2331 2331 23:31 2331 2331 2331 2331 2331 
75 75 75 7.5 75 ‘75’ 75 

blow blow blow blow I :blow I blow 
1 :  

blow blow
76 

I-

I3ulk Specific Gravity 2.367 2.365 
_.-

2.460 2.457 

Air Voids, % 3.8 3.7 

141.7 14.7 

!;tability, N (lbs) 74.68 9038 
(1679) (2032) 

Flow, 0.25 mm 10.2 10.9 10.0 10.2 I 9.8 10.8 
I-

Extracted Asphalt Co 5.2 5.6 I 5.4 I 5.5 1 5.4 5.3 
%l-.­

? k v e  Analysis After ---ti-----113xtraction: 
19 mm (314 in) 100 100 100 1100 I00 
16 mm (5/8 in) 99 99 99 98 !)9
12.5 mm (1/2 in) 94 9 95 93 93 
0.0 mm (3/8 in) 86 87 85 115 85 
4.75 mm (No. 4) 70 71 68 67 70 69 Ci8 
2.0 mm (No. 10) 58 59 55 s5 57 57 is6 
I .O mm (No. 20) 45 45 43 42 45 44 44 43 
0.45 mm (No. 40) 26 27 25 %5 26 26 25 
0.25 mm (No. 80) 8 9 9 9 9 
0.075 mm (No. 200) 3.8 3.9 4.6 4..2 3.8 3.7 5.0 5.1 --. 4.4 

25 
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Table 3.5 (continued). Test Resiulls During the Construction of the 
Mn/ROAD 10-Year Mainline 'rest Cells (9). 

Asphalt Grade AC20 A 20lt-
t I--

*-----l------'-­
Course Base Base - Base 13ase . Base 1 Wear 

---.Lift 1Sl. 2nd - 1st 2nd . 3rd I 4th 

Lift Thichess, mm (in) 70 50 70 50 
.SO) .&'"- (1S O )  (2.75) (2.00) .Lp.­(2.75) ( 2 . 0 )  - (138 (1.50) (I .50) 

Mn/DOT Specification 2331 233 1 2331 2331 2331 2331 2331 
Gyrator Gyratory Gyratory I Gyratory 75 75 blow 7511

11 Bulk Spec;ific Gravity 	 -~ 
-

- ~ -

blow _-_- blow 

2.354 2.361 - 2.351 2.365 2.357 2.365 --.-2.373

I+-Maximunr Specific Gravity 	 2.461 2.468 2.4687 1 2,.4655 2.454 2.459 

4.4 4.3 4.7 I -__ 3.9 - ~ . -4.1. 3.5 

15.0 14.7 15.0 I 14.5 15.1 14.4 

Siability, N (Ibs) 9447 9896 9398 8780 
(2124)-~ 
10.2 

--I__ 

Extracted Asphalt Content, 5.4 
- - ~ . .--

Sieve Analysis After 

Extraction: 

10 mm (3/4 in) 100 

l f j  mm (5/8 in) 99 

12.5 mm (112 in) 94 

9 0 mm (3/8 in) 86 

4 75 mm (No. 4) 69 

2 0 mm (No. 10) 57 

1 0 mm (No. 20) 43 

0 45 mm (No 40) 26 

0 25 mm (No. 80) 9 

0 075 mi (No. 200) 4.9 


(2225) 

100 
99 
93 r"67 

99 
93 

99 
92 

84 86 81 
68 70 64 
56 56 54 57 53 
43 43 42 44 40 
25 26 25 26 24 
8 9 8 8 8 

4.4 4.2 

(2113) (1974)
I__-

9.9 9.8 10.L~-~I 

5.1 4.8 I 5.0 9.8 10.L 
_s_l ---I----

I00 100 

___- 4.68' 4.3 4.1 	 -__-
--I_-

26 
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Table 3.5 (continued). Test Results During the Construction of the 
Mn/ROAD 110-Year Mainline Test Cells (9). 

AC20 II  AC2D 

Base Base Base 1 Wear (I Base Base - Base-
.- - 1st 2nd 3rd I 4th 11 1st 2nd 3rd 

Iift  Thickness, mm (in) 70 50 50 38 
(2.75) (2.00) 

1 (2. (1.50) 

h/In/DOT Specification 2331 233 1 2331 1 1 2331 2331 2331ll -
50 blow 50 blow 50 blow 5023d:d.w /I 35 blow 35 blow 35 blow 

It---
2.338Ibslk Specific Gravity - 2.346 2.361 2.353 2.360 2.331 ~- 2.341 

Maximum Specific 2.437 2.442 2.442 2.439 2.421 2.424. 2.429 
Gravity - -

3.5 3.63.8 3.3 ~-
15.9 15.4 16.5 16.3- -I 

7553 7481 6281 6231 
(1698) (1683) --. (1728) (1657) (1428) (1412) (1401)

--I 

t!Flow, 0.25 mm 10.4 10.7 10.3 9.9 --. 11.1 10.3-

Extracted Asphalt 6.1 5.8 6.2 6.3 5.9 
Content, % --

Sieve Analysis After 
Extraction: 
I9 mm (3/4 in) 100 100 100 100 100 
16 mm (5/8 in) 98 98 100 99 99 
112.5 mm (1/2 in) 93 92 95 94 94 
9.0 mm (3/8 in) 86 83 87 86 85 
4.75 mm (No. 4) 70 68 71 70 70 
2.0 mm (No. 10) 57 55 59 58 57 
1.0 mm (No, 20) 44 43 45 45 44 
0.45 mm (No. 40) 26 25 27 27 26 
0.25 mm (No. 80) 8 8 9 9 9 

_ -0.075 mm (No. 200) -- 4.2 4.3 - 5.2 5.3 4.6 
I-

100 
90 
94 
84 
68 
56 
42 
26 
5,

4.7- ~ - .  
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Table 3.5 (continued). Test Results During the Construction of the 
Mn/ROAD 10-Year Mainline Test Cells (9). 

11 Amhalt Grade 	 120/150 pen ----.I7 
WearBase --4 Base - - ~ . -

1st 2nd 4th

iLiLft Thickness, mm (in) 70 38 
-. (2.75) Fd - - ~ -__(2.00) (1.50) (1.50) 

Mln/DOT Specification 2331 233I 2331 2331 2331 233I 
35 blow 1 35 blow 1 35 blow 1 35 blow 50 blow 50 blow 

-----t--t---1-- ----I-- - ~ . -

2.348Bulk Specific Gravity -. 2.338 I :::::1 
-I 

1 2.351 2.344 2..354 f 2.351 --_.I 2.356.-- 2.426 2.432 2.429 2.442 2.439Maximum Specific Gravity -. --It--I--
2.439 I 2.437 _ - ~ . -

Air Voids, % -. 4.0 3.5 3.4 
--__.-

VMA. % 16.0 -1 15.7 _--.I 15.5 

Stability, N (lb) 5484 I 5747 1 5462 1 (;;I;) 6405 5907 1 
(1435) ---.- (145 1) 

6454 
(1233) (1292) (1228) (1440) (1328) 

Flow, 0.25 mm -. 9.9 10.8 -I-.- 10.41Extracted Asphalt Content, % -. 5.9 6.0 5.6 5.9 

Sieve Analysis After 
IExtraction: 
19 m (3/4 in) 100 I00 99.7 
160rnm (5/8 in) 99 99 99 
12.5 mm (1/2 in) 94. 94 94 
9.0 mm (3/8 in) 86 86 85 85 
4.75 mm (No. 4) 70 ‘73 70 69 
2.0 mm (No. 10) 57 60 58 57 
1.0 mm (No. 20) 44. 45 45 43 
0.45 mm (No. 40) 26 27 27 26 
0.25 mm (No. 80) 9 9 9 
0.0’75 mm (No. 200) -. 4.8 - 4.9 4.7 

_--_I 
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Table 3.5 (continued). Test Results During the Construction of the 
Mn/ROAD 110-Year Mainline Test Cells (9). 

lC1Lsphalt Grade 

Base 
---+-

Base Base(Base 
-

Base Wear 

120/150 en 12011 5 0 ~ 1  

Wear 

1st 2nd I 3rd - 4th 1st qjf- 4tlh 

I.ift Thickness, mm (in) ’70 38 50 38 38 
(2.75) (2.00) (1.5O)l (1S O )  (1.50) 

50 e- (2.00) (1.75) (2.00) (1S O )  ~~-
h4n/DOT Specification 233 1 233 1 233 1 233 1 233 1 233 1 233 I 233 1 2331 

75 75 75 75 50 50 50 50 50 
blow blow blow blow blow blow blow blow blow 

-I-
Elulk SDecific Gravitv 2.359 2.370 I1 2.363 2.367 2.370 2.364 2.353 2.352 2.340 

Maximum Specific Gravity 2.451 2.462 

1 
2.462- 2.459 2.439 2.448 2.445 

I.- _.-

Air Voids. % 3.8 3.8 4.0 3.8 2.9 3.9 4.3- _.-

VMA, % 15.0 14.7 151.0 15.2 15.6 15.5 16 0 
I-­

Stability, N (lbs) 8162 7659 7437 6236 5551 4701 543 1 
(1835) (1722) (179611 (1672) (1402) (1057) (122!1) 

10.6 11.5 10 3Flow, 0.25 mm 9.6 -=*---=-I-=--10.4 .-_. 

EJxtracted Asphalt Content, % 5.8 5.2 5.5 5.5 .-._5.7It-.-
II-

-~ 
Sieve Analysis After 

Eixtraction: 

19 mm (3/4 in) 100 100 100 100 100 100 100 100 

16 mm (5/8 in) 98 99 99 98 99 98 100 

12.5 mm (1/2 in) 94 93 92 93 93 93 94 

9.0 mm (3/8 in) 8 84 84 82 84 85 83 8:7 

4.75 mm (No. 4) ’72 69 68 64 67 68 67 71 

2.0 mm (No. 10) 59 58 55 53 55 56 55 50 

1.0 mm (No. 20) 45 42 42 41 43 43 43 46 

01.45 mm (No. 40) 2 7  25 26 25 25 25 26 26 27 

01.25 mm (No. 80) 9 9 9 I3 8 9 9 10 

0.075 mm (No. 200) 4.5 3.9 4.2 -- -. 

4.5 4.1 3.9 4.3 4.9 .-- 5.1 

-. 



-- -- 

-- 

-- 

--- 

-- 
- 

Table 3.6 shows thut air void contents for a given lane in a test cell varied substantially (e.g. 

cells 16 and 22, Day 2) for these two days of paving. Minor changes were made to the asphalt 

contents during the second and third days of p(3vingbut the variability in the air voids 

remained. There was a reluctance to make more than minor changes because of the limited 

differences in asph,altcontent between the various test cells. Efforts were made to lkeep the 

relative asphalt conlent differences the same between test cells when changes were made. 

Table 3.6. Quality Control Results. 

4.3, 3.6 1 4.4, 3.7 1 4.0, 4.2 
I_ 

4 

4.0. 4.0 3.5. 3.5 4.2. 3.1 4. 
I_ 

4.6, 4.1 I 5.0, 4.6 1 4..0,4.2 -4. 
-I 

3.5, 3.5 4.0, 3.9 3.3, 3.0 3.-.- I 

3.4, 2.9 3.9, 3.2 3.0, 3.1 -3.-.-

3.6, 3.7 ! 4.2, 3.7 ! 3.3, 3.0 -3. 

3.7, 2.7 I 3.9, 3.0 1 3 0, 3.3 -3. 

3.0, 3.1 I 3.2, 4.2 I 3 6, 3.3 -4. 

3.2, 3.8 I 5.0, 4.0 I 3 9, 3.6 -3. 

3.7, 3.4 

4.0, 3.8 

5.0, 4.3 
I-

3.7, 4.0 

4.1, 3.4 

3.2, 3.4 

3.5, 3.4 

3.1, 3.6 

3.'7, 3.4 

Other considerations such as stockpile segregation and sampling errors were eliminated 

as probable sources of variability. Several of the 2 nun (No. 10) gradation results were outside 

of the target band, but this was not considered enough of a problem to cause the continued 

erratic air void results. Variability in the stockpile moisture was considered to be the next 

most likely source of variability. 

The next lifit was placed on the fourth day of paving, but each aggregate stockpile 
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moisture content was measured at least one time for every test cell. Plant controls were 

changed as soon as results were obtained for all three of the stockpiles (Table 3 .'7, Figure 3.11). 

This meant that changes were being made at tlhe plant every 30 to 45minutes but these changes 

lagged behind the actual stockpile sampling by about a half hour. No significant change in the 

air void variability was seen. However, this was thought to be because changes were made too 

often. In other words, frequent changes in the plant controls had the same effect a,s no change. 

Table 3.7. Comparison of Air Voids, Asphalt Ceiment Content, and the 
Corresponding Stockpile Moisture Contents. 
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In order to test this hypothesis, the air void and stockpile moisture contents were egamined 

(Table 3.6). Engineering judgement was used tc9 group generally similar moisture contents for 

the Crow River fine aggregate stockpile (the majority of the aggregate gradation) and average 

air void values. The standard deviation of moisture content within each group was calculated 

(Table 3.7); the results indicate an average stalndard deviation of Crow River fines stockpile 

moisture content of about 0.1 percent. This information was used to forniulafe a plan for 

changing stockpile moisture content inputs for the last day of paving. 

A moving average of three values was (selectedas a reasonable number of data points 

that would identify significant changes in moisture content while not generating overly frequent 

adjustments. It was decided to use the one standard deviation value of 0.1 percent moisture as 

thc criterion For when to change the computer inputs. For example, when the moving average 

of three results differed by more than 0.1 percrmi moisture from the preceding moving 

average, the new value was used to adjust the computer input. Also, to prevent continual but 

gradual incremental changes of less than 0 1 percent, a maximum difference between the 

current plant settings and the most recent moving average value of 0.2 percent (i.e., two 

standard deviations) was set. 

As a test for the suggested plan, these criteria were applied to that daiy's results to 

deflermine how marry changes would have been made if this plan had been used. Using the 

data shown in Table 3.7, six instead of 16 changes would have been made for the Crow River 

fines stockpile and only 2 and 6 for the Crow River coarse and CA 50 stockpiles, respectively. 

All changes would have been made based on the running average of three results exceeding a 

0.1 percent change in moisture. No changes would have been made based on a difference of 

0.2:percent between the current input values arid the latest test results. 



Moisture Content, % 
7 -I t----------------- --. 

6 


. ^ 


Day 4 Paving Day 5 Paving 
............................................................................ ._....... 

3 ...................... .... 

-dCrow River - Coarse 
.............. 


CA 50 
.. 


0 5 10 1 5  20 25 30 35 

Test No. 

Figure 3 1. Moisture Ccintents for Each Stockpile. 

On the last (fifth)day of paving, the approach outlined above was used to adjust 

aggregate quantities. The individual stockpile moisture contents and the moving averages are 

shown in Table 3.7. Test results that triggered a change in the plant control inputs are marked 

in this table. The plant records indicated that lhese changes were made about 30 to 45 minutes 

after the aggregates were sampled (i.e., after tlie times shown in Table 3.8). Stai-tiiig values 

for the day were based on the last three values obtained from previous day. The Crow River 

fines continued to have a moisture content that varied throughout the day by almost 0.8 

percent. Both the Crow River coarse and CA 50 were relatively constant the last day; this 

consistency was reflected in needing only one &ange to the plant controls early in the day 

(Table 3.8). 
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'Table 3.8. Plan1 Control Changes Based con Running Average of Three Moisture Tests 

I-­

-.-


I-­

--I 

1I bast values from previous day 

Figure 3.2 compares the individual air void results for days 2 through 5.  On the 

second day of paving two test results exceeded the upper limit (5 percent voids) and one results 

exceeded the lower Limit (3 percent voids). Similar probliems were seen for both the third (no 

moisture correction) and fourth (corrections every 30 to 45 min.) days of paving. However, 

the moving average of three moisture contents used to adjust the plant controls resulted in 

narrowing the range of air voids on the last day from between 3 and 5 to between 3 and 4.5 

percent. 
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Indivrluid Results 

Air Voids, % (IndividualResults) 
_I 

b+Day5 (Running Avg of 3)
5 


4 

3 


2 -
0 20 40 60 EX0 100 120 140 '160 

l k t  No. 

Figure 3.2 I Variatbility in Individual Air Void Results. 

Figure 3I3 presents the air void data shown in the previous figure as a inovi ng average 

of four test results. Results for both the second iind third days were erratic however a distinct 

oscillating pattern began to emerge for the fouii-th day's results. This pattern became a 

relatively smooth sinusoidal-like pattern for tht: last day of paving. A repeating patlern in a 

process control is usually an indication of a systematic change in the process rather than 

random testing variability. A close examinatim of the data showed that the results for test 

numbers 110 through 128 closely matched those for test numbers 129 through 1 4 7 .  The first 

set of tests represent the testing for paving the outside lane and the second set of tiara for 

paving the passing lane. This indicated that the pattern was due to the differences iin the 

mixtures between the test cells. 



Moving Averalge of 4 Samples 

Air Voids, % (MovingAverage of4) 

+DZIy3 (NO COW&) 


*Day 4 (Every 30Mm ) 

*Day 5 (RunnmgA v e 


2 I..LAL+U"t---t---l--_-f--Lt-1_3_U__1 
140 1600 20 40 60 80 100 120 

Test No. 

Figure 3.3, Variability in the Movinig Average of Four Air Void Results. 

When the data are sorted by test cell, Figure 3-4 shows that the air voids within a given 

cell were very uniform. While there was no relatr~onshipbetween the asphalt grade used in 

eaclh test cell and the air void pattern, !he asphalt content for each of the cell!<followed the 

same sinusoidal-like pattern as the moving averiigs: of the air voids. As the asphalt content 

increased, the voids decreased. This dependency on the binder content was unexpected as the 

content was selected based on a particular mix design method and that method of compaction 

was used to prepare the quality control samples For example, 75 blows were used for the 5.9 

percent and 35 blows for the 6.3 percent binder contents since these were the: mix designs used 

to select the binder content. Since the binder ccmlents were selected based 0114percent voids, 

it was assumed that the mixtures would not have been sensitive to changes in this parameter. 
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Air Voids. % 
5 -

1 

4.5 .... ....... ............. .... 
A m m 1 

A ^ 
....-_....I._..... .......I.I ,, ............... 1...... 

A 

15.9% A A 5.94  
3 ......-*.-I. .... 8 ............................................................... 

6.1% 
5.9% 5.9% 

6.1O h  

2.5 ....... 6.3% 6...3.% 

Design Asphalt Cement Contents 
2 L -
120/150 120/150 120/150 AC20 AiIZ20 AC20 AC20 AC20 12W150 

Asphalit Grade 

Figure 3.4. Influence of TesltCell Variables on Air Voids. 

Typically, a maximum range for the moving average of 4 air void results i s  3 to 5 

percent. Although the average air voids for the last day of paving was about 0.5 percent below 

the target of 4percent, none of the results in Figure 5 had a range of more than 1percent 

voids. This suggests that changes in binder coiintc:nt were not sufficient to cause the air voids to 

exceed this criterion for a uniform mixture. Therefore the assumption of uniform voids for the 

different mixtures was valid. However, once tlhe cold feed wa,s well controlled, even minor 

changes in the binder content could be identified. In other words, the sensitivity of the process 

control data was increased. 
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Influence of Stock.pile Moisture on Aggregate Gradlation 

The improved consistency in the aggregate proportions can be seen in a comparison of 

the sieve analysis results. For the 4.75 mrn (No. 4)sieve, days 2 through 4. had several values 

that exceeded the upper and lower ranges of 70 and 64 percent, respectively (Figure 3.5). 

Only one value exceeded the lower limit when a moving average of 3 moisture test results was 

used to adjust the pllant controls. The mean value also decreased into the middle of the range. 

Figure 3.6 shows tlhe mean for the 2 mrn (No. 10) sieve also moved downward for the last day 

of paving, but the overall result was that several of the values now exceeded the lower limit olf 

54 percent. 

Results for the 0.45 mm (No. 40) sieve became more uniform with a smaller maximum 

and minimum range when the aggregate stockpile moisture content was adjusted with a moving 

average (Figure 3 . 7 ) .  An even greater improvlenient in the consistency of the 0.075 mm (No. 

200) sieve was seen (Figure 3 ~ 8). While the rt:sults from days 2 through 4 had several results 

that exceeded the upper limit of 5 percent, the results for the last day of paving were very 

coitisistent with none of the values exceeding tbe limits. 

None of the aggregate gradation results showed a pattern in the moving averages. This 

would substantiate idhe previous conclusion that the pattern in the air voids was primarily a 

function of the changes in the binder content arid not dlue to systematic changes in the 

aggregate gradation 

In general, using a running average of results; to adjust the plant controls produced 

more a uniform gradation with fewer individual tests falling outside of the working range 

limits. That is, while the moisture content of the stockpile varied throughout the day, the 

gradation results were more uniform. This indicates that stockpile moisture can be one of the 

possible causes for non-uniform aggregate gradlations. For this particular project, adjustments; 

for stockpile moisture content had the most effect on the finer aggregate gradations. 



Percent Passing 4.75 mm (No. 4)Sieve, % -

Target + 3% 

0 20 40 60 80 100 120 140 160 


Test No. 

Figure 3.5. Gradation Results for the Percent Passing the 4.75 mm (No. 4) Sieve 
(Moving Average of Four). 

Percent Passing 2 rnrn (No. 10) Sieve, % 
._ 


-Day 2 (No Correct) 
*,Day 3 (No Correct) 
*Day 4 (Every30Min ) 

Target + 3% 

0 20 40 60 80 100 120 140 160 

'Tesi;t No. 

Figure 3-6. Gradation Results for the Percent Passing the 2 m (No. 10) Sieve 
(Moving Average of Four). 
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3% --- 

- -  

Percent Passing 0.45 mm (No 40) Slew, % 

*Day 2 (NoCorrect) 
*Day 3 (No Correct) 
*Day4 (Every30 Min ) 

Target +-
t 

20 -c---t---t-t---+-+--+---t--. 
0 20 40 60 80 ioa 120 140 160 

T k t  No. 

Figure 3.'7, Gradation Results for the Plercent Passing the 0.45 mm (No. $0) Sieve 
(Moving Average of Four) 

Percent Passing 0.075 mrn (No. 200)Sieve, %- ~ - -
eDay2 (No CMTed) 
* b y  3 (NoCorrect) 
-Day4 (Every30Min.) 

Target + 1% 
I 

Target = 4% 

+ 4  
Target - 1% 

-I -
2 

0 	----3---t---t--'-f--+~--
0 20 4a 60 80 ioa  120 140 160 

Test No. 

Figure 3.8.. Gradation Results for the Peircent Passing the 0.075 mrn (No. 200) Sieve 
(Moving Avt:r;xge of Four). 
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Influence of Stockpile Moisture on Binder Content 

Behind-the-paver samples used for determining the extracted asphalt cemeni content and 

compacted density were correlated as closely as possible to the point in the construction 

process where the aggregate was sampled for stockpile moisture content. This was done as 

follows. The stockpile moisture content samples were taken from the cold-feed belt. Plant 

records were obtained and the general location of the aggregale within the test cell mix 

production was established. That is, it was deteirmined whether the mix was being produced at 

the beginning of the test cell, middle, or end; each test cell being approximately 168 m (550 

ft.) long. For comparison purposes, the average binder content on the plant records was used 

as the target asphalt content because of the miinor changes made to the design asphalt contents 

during construction (Table 3.9)­

Figure 3.9 shows that the asphalt content varied substantially for the fourth day of 

paving (moisture adjusted every 30 to 45 minutes) ~ Extraction results indicated binder contents 

both above and below those recorded by the plant control by ais much as 0.2 and L.5 percent, 

respectively. When the cold feed was adjusted based on the moving average of thee  aggregaite 

stockpile moisture contents, all extracted binder contents were below those indicated by the 

plant recorder. This is closer to what was expected: the extracted asphalt conlent should show 

less asphalt than the plant records due to the retention of some: of the binder by the aggregate. 

The range of extracted binder contents was also reduced from about 1.'7 percent to 0.;' 

percent. This indicates that there was more cons;istency in the binder content between design 

and actual when the aggregate cold feed was vl~elllcontrollled. Again, there was no apparent 

pattern to these results, indicating that the differ6:nce between the two values was niot dependent 

upon the variables between the test cells. 
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Table 3.9. Extracted and Plant Recorded Binder Contents. 

5.2, 4.8 I 5.3, 5.8 1 5.6 I 5.6 , 

5.3, 4.9 I 5.5, 5.4 5.6 1 5.6 , 

4.6, 5.2 I 5.3, 5.0 5.3 5.3 , 

5.4, 5.2 I 5.5, 4.7 I 5.6 1 5.6 , 

5.7, 5.6 5.9, 5.9 6.0 6.0 

6.1, 5.8 1 5.9, 5.9 I 6.3 1 6.4 

6.0, 5.6 1 6.2, 5.6 f 6.4 1 6.4 

5.8,5.7 I 5.8, 6.0 I 6.1 I 6.1 

5.1, 5.3 I 4.9, 5.1 I 5.6 I 5.6 

Difference &tween Plant Recorded and Extracted Binder Content, XI--­
~ - - - ~  -

Ichangesin Agg. M O S ~c o n m  
*Day 4 (Every 30Min.) 

--I_.__I 

Y 

0 20 40 60 80 I00 120 140 160 

rest No. 

Figure 3.9 Variability in1 Asphalt Cement Content. 
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LOW VOLUME ROAD 

The eight LVR test cells were constructed August 11, 12, and 16, 1993. One lift was 

placed each day; lifts were placed starting from 24 and ending with 31. All test ce Ils were 

constructed with the same rolling patterns used for both the 5-Year and 10-Year Miinline test 

cells. Based on the stockpile moisture content study conducted during the construction of the 

10-Year Mainline cells, a running average of three results were used to adjust the plant 

controls during the construction of these sections. Table 3.10 shows a summary of the quality 

control test results for these sections. 

With one exception, construction proceeded with few problems. On the aftexnoon of 

August 16, 1993, a severe thunderstorm passed over the constiruction site. Construction was 

temporarily halted and the truck beds were covered with tarps. However, when work was 

resumed, the first few truck loads of asphalt concrete placed in the hopper of the paver were 

drenched with the water accumulated in the tarp (asthe bed of the truck was raised. The last 

lift of test cells 30 and 31 were the ones most affected by the rain storm. 
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Table 3,,10. Test Results During the Constiruction of the. Mn/ROAD 
Low Volume Road Test Cells (9). 

-.Ipsphal t  

C'ourse 1 Base Wear Base -.- Wear Base Base Base Wear 

2nd 1st -.- 3rd 1st 2nd 3rd 1st 2nd 

Liift Thickness, mm 38 50 38 38 76 38 38 38 38 
(15)  (2.00) (1.50) -.- (1.50) (3.00) (1.5) 

I---

Grrade I 12011 O p e n  n !0/150 p 120, spell 

IC--. 

(1.50) (1.50) (1.580) 

Mn/DOT 2331 2331 2331 2331 :2331 2331 2331 2331 2:331 2331 
Specification 35 50 50 50 50 50 50 :35 35 
---. Blow Blow Blow Blow -.- IBlow Blow Blow Blow Blow Blow 

/ /  Bulk Specific 2.343 2.361 2.365 2' ~ 349 2.358 2.358 2.360 2.348 2.34.8 
Gravity 2.349 

2.435 2.442 2.444 2.442 2.445 2.4.35 2.449 2.430 2.41!9 

11 Arr Voids, % 3.6 3.8 3.3 3.2 - 3.8 . ~3.6 3.2 3.6 31.4 3.3 

16.016.2 15.3 15.2 15.7 15.4 15.4 15.4 115.1 ~ - --.-

4546 5667 6281 3734 5742 5817 5440 5 173 4662 
(1022) (1274 (1412) (1289) (1291 (1308) (1 223) (1163 (1048)

1) 
I-

Flow, 0.25 mm 10.2 10.4 10.8 10.2 10.1 10.0 9.9 10.4 11.:3 
I_-- I-

Extracted Asphalt 5.8 5.7 5.6 5.5 5.7 6.0 5.6 6.0 6.01 
Content. % 

1 1 _ 1 _ 

Skve Analysis After 
Extraction: 
191 mm (3/4 in) 100 100 100 100 100 100 100 100 100 100 
161mm (5/8 in) 99 99 99 99 99 99 100 99 98 98 
12.5 mm (1/2 in) 93 94 93 94 93 93 94 94 93 94 
9.10 mm (Y8 in) 84 85 83 85 84 84 83 86 84 89 
4.75 mm (No. 4) 67 69 66 68 69 68 70 70 69 69 
2.10mm (No. 10) 56 57 54 56 57 55 58 58 57 57 
1.10 mm (No. 20) 43 43 42 43 44 42 45 44 44 44 
0.45 mm (No. 40) 26 26 24 24 26 25 2 7  26 26 59 
0.25 mrn (No. 80) 10 9 8 10 9 9 10 9 9 9 

---. 0.10'75 mm (No. 200) 4.9 4.5 3.9 5.1 4.6 4.7 5.0 4.8 4.7 4.8 -~ ~-

I :  Results Average of 4 'Tests Per Lift Per Cell 
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Table 3.10 (Continued). Test Reisullts During the Construction of tlhe 
Mn/ROAD Low Volume Road Test Cells (9). 

3 pen 120, 50 pen 

Wear -.- Wear Wear 13ase Wcar 

2nd -.- 3rd 
-I 

3rd 
I--

1St 2nd 

38 38 76 38 38 313 
(1.5) -.- (1.50) (1.50) - ( I.50)- (1.50)~ 
2331 2331 2331 233I ;33 1 2331 
50 50 50 75 75 75 75 

Blow Blow BlowBlow Blow ~-
2.358 2.359 2.360ILEgk Specific Gravity 	 1

I 
2.359 2.359 2.353 2.369 ~-

I 

Maximum Specific 2.431 2.452 2.443 2.458 2.454 2.455 2.452 2.45711 Gravity 

3.8 3.3 3.7 

-__ 
3.6 1 2 1 .  4.0 3.8 4.0 

15.4 15.4 15.6 14.6 14.4 15.0 !5.0 14.9 

5933 5751Stability, N (lbs) I (7% (1334) (1293) 	
5800 6841 6694 7174 

(1304) (1538) ( I  505) (1613) 

9.9Fllow, 0.25 mm 10.1 10.4 10.4 10.0 10.1 _-- 10.3 

Extracted Asphalt 5.4 5.8 5.6 5.2 4.9 5.2 5.1 
Content, '% ~ - ----I---
Sieve Analysis After 

E,xtraction:

19 mm (314 in) 100 100 100 100 100 100 100 100 100 

16 mm (5/8 in) 99 99 99 99 99 99 99 99 99 

12.5 mm (1/2 in) 93 94 94 94 94 93 9. 94 9fi 

9.0 mm (3/8 in) 85 85 86 84 86 85 85 8'1 

4.75 mm (No. 4) 69 68 0 8 70 6 70 71 

2.0 mm (No. 10) 58 56 56 56 57 55 57 56 58 59 

I .O mm (No. 20) 44 43 43 43 45 42 44 43 45 4!i 

0.45 mm (No. 40) 27 25 26 25 26 25 26 2 7  

0.25 mm (No. 80) 9 8 9 9 8 8 9 


4.10.075 mm (No. 200) 4.8 4.1 5.5 -.- 4.6 4.1 _-- 5.2-.-

1: Results Average of 4 Tests Per Lift Per Cell 
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CHAP'I'EIRFOUR 

T.ESTING PROGRAM 

Mixture properties that are directly related to the ability of an asphalt concrete mixture 

to perform include temperature susceptibility,moisture sensitivity, low temperature behavior, 

and permanent deformation. Mixture stiffness over a range of temperatures (i.e. ~ temperature 

susceptibility) is commonly used as input for the AASHTO pavement design guide as well as 

in performance models for fatigue cracking. Mixture performance can be adversely affected by 

the presence of water, and the occupance of freezehaw cycles; moisture damaged pavements 

exhibit excessive raveling and accelerated pavement distress due to lose of cohesion or 

adhesion. The potential for thermal cracking itt colder temperatures is directly related to the 

mixture's ability to dissipate thermally-induced tensile stresses,through viscous flow. 

However, mixtures that are sufficiently ductile to resist cracking at cold temperatures could 

also be too soft to resist permanent deformation at warm temperatures. 

'These considerations led to the development of four testing programs Spc=c:ifictests 

and variables for each of these are listed in Tablc 4.1. Materials tested included laboratory-

prepared loose mixtures (i.e., mix design materials), behind the paver samples, ancl on a 

limited basis, cores. Loose mixture sample preparation varied1 depending upon the test method 

requirements. Evaluations of the cort:s were limited by the sample size required for a 

particular tesl method. Details of sample preparation techniques and the individual tesl 

methods are described in this chapter. 
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SAMPLE PKEPARATION 

Table 4.2 shows the sample di1mension;sand proct:dure,s used to prepare specimens for 

individual test methods. 

Table 4.2. Sample Sizes Used for Each 'Test Method. 

Mix Design
Behind Paver 

_-_ 
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Preparation of Loose Mixtures 

Bulk laboratory -prepared mixtures were produced in approximately 23 kg (50 lb) 

batches by the Mn/'IDQT laboratory and supplied to the University of Minnesota for sample 

preparation and testing ~ The same mixing procedure and blending percentages used to prepare 

thc mix design samiples were used to prepare these mixtures. 

Once the Uiniversity received the material., it was reheated in a 135°C: (275°F) oven for 

approximately 2 hours. The mixture was stirred to minimize segregation and divided into 

1,300 g packages which were wrapped in tin foil and stored at room temperature until needed. 

Compaction of Conventional-Size Samples 

For compaction of individual samples, iht :  required number of 1,300 g packages were 

re-heated for 2hours at 135°C (275°F) and the mixture compacted per the method used during 

the mix design. That is, 35, 50, or 7'5 blows per side were used for the Marshall mix design 

materials and a gyratory compactor using a 1.2!5" angle of gyration and 100 revolutions was 

used to compact the rest. The mixture temperature was checked just prior to compaction to 

insure the cornpaction temperature of the mixture was between 121 and 135°C (250 and 

275°F)~ 

Table 4.3 compares the SHW Level 1 (densityrequirements at each of three critical 

nuimbers of gyratioins and the results for AC 20 and 120/X50 pen asphalt gyratory mix design 

materials. These results show that the mix design materials prepared by MnJIIQT for 

coiinpaction at the Ilniversity of Minnesota laboratory were generally similar to those originally 

tested by the Aspha It Institute. 
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Table 4.3. SHRP Density Requirements and Mn/ROAD Compaction Mwults. 

Compaction of Cylindrical Samples 

Only one method was used to prepare 2!00 mm (8 in) high by 100 mm (4 in) diameter 

samples. A single rotating base, bevel head Ma1shall hammer for preparing large stone 

mixtures with a 150 mm (6 in) diameter was adapted so that a single 100 by 200 rmm (4by 8 

in) sample could be prepared. The larger hammer was needed because the standard mechanical 

Marshall hammer did not allow compaction of the taller 200 nun (8 in) specimen. Parts that 

were redesigned and machined included the molcll holder and the hammer release mxhanism. 

The 10 kg (2%lb) mass was kept rather than reducing the mass to the 4.5 kg (10 Ib) as is 

typical on conventional Marshall hammers. The heavier mass was used to compensate for the 

reduction in the drop height as material was added and btxause only one side of the sample 

would be subjected to the impact (i.e., the sample was not rotated). Figure 4.1 shaws the 

modified hammer and parts. 
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Figure 4.1 Modified Large Stone Mix 150 mrni (6 in.) Diameter Rotating Base ]Hammer. 

Mixtures were compacted in a 100 mm (4 in.) diameter by 250 mm (10 in.) tall mold in 

3 lifts. The numbers of blows applied varied with each lift. Figure 4.2 shows a relationship 

belween the compactive effort per lift and the individual llift air voids. These relationships 

were used to select the optimum the compactive effort for each. Table 4.4 shows the numbers 

of blows per lift that were selected for each of the three Marshall mix design imaterials. The 



compactive effort was selected so that each lift had voids of 4.10.5 percent. The same 

numbers Qf blows were used to prepare behind1 the paver samplles. 

Since Ihe maximum height of sample thiat the gyratory (compactorcould produce was 

less that the desired 200 rnm (8 in.), these samples were also compacted with the modified 

hammer. 

Numberof Blows 


Figure 4.2. Numbers of Blows versus Air Voids (Modified Marshall Hammer) for 
Conventional 50 Blow Mix Design Materials. 

Table 4.4, Numbers of Blows Used to Prepare Uniform Cylindrical Sampks with a 
Modified 150 mm (6 in.) ]Diameter Rotating Base Marshall Hammer. 
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TIEST METHODS 

Temperature Susceptibility 

Rvsilient Modulus - ASTM 04123 

The t:quipment used for this test is shown in Figure 4.3. A sample was placed in an 

MTS load frame and an extensometer collar fitted with one sensor on either side, attached 

horizontally across the center of the sample. A sinusoidal load pulse was applied vertically for 

either 0.1 or 1 .0 seconds followed by rest periodis of varying durations. The 0.1 second load 

duration was selected to represent transient traffic loads; the 1.0 second load duration was 

selected to rt:present very slow moving loads (9)-The frequencies, which control the length of 

the rest period between load pulses, were selected based on the ASTM D4123 

recommendations (0.33, 0.5, and 1 Hz). An additional set of three frequencies (0.033, 0.05, 

and 0.1 Hz) were selected for the 1.O second load duration condition, These frequencies were 

selected in order to maintain a consistent ratio of loadiing time to rest time between the 0.1 and 

the 1.0 load duration conditions (i.e., 1oad:rest ratios of 1:9, 1:19, and 1:29). The magnitude 

of the applied load was adjusted for each temperature and mixture type so that the horizontal 

deformation was kept between 1.25 and 3.75 p m  (50 and 150 pin). A minimum of 10 

prt:conditionxng cycles were used prior to data acquisition. 

ASTM D412!3 specifies that both horizontal and vertical deformations be measured; 

these measurements are used to calculate Poisson's ratio. However research[has shown that 

this type of tofal vertical deformation measurement is unreliable for this calculation (9). 

Therefore all testing using this configuration assumed Poiisson's ratio to be: Q.2for 

temperatures below 1°C (34"F), 0.3 for 10°C ('iO"F), 0.35 for 25°C (77"F), and 0.5 for 40°C 

(104°F) (10). 
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Figure 4.3. Equipment Set Up Used for Determining llesilient Modulus (ASTIM! D4123). 

Dynamic Modulus - Axial 

A tall cylindrical sample is subjected to an axially applied sinusoidal load; the 

corresponding axial strain over the center one-third of the sample is measured. Figure 4.4 

shows the equipment set-up. A small capacity load frame (10 IkN (2,248 lb.)) was substantially 

stiffened to remove any frame compliance prior to conducting ithis test. This frame was used 

with the MTS Testar control hardware and data acquisition software for both test control and 

data acquisition. A traditional triaxial cell was used without arid with [200 kPa (about 30 psi)] 

confining pressure. Axial displacement was monitored with a set of three LVDT's mounted 

across the center one-third of the specimen and spaced at 120" around the sample. 
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One test cycle consisted of 15 precondlitioning cycles of a sinusoidal load fcdlowed by 

arn additional 5 cyc:lies over which data were collected at a rate of 50 data points per cycle for 

both the load and axial displacement. The ampl~itudeof the sinusoidal load was selected so that 

the center one-third axial displacements were betweern approximately 1.25 and 3.75 pm (SO 

and 150 p-in), similar to those used in the resilient modulus test. The load varied with the test 

temperature: the bad was 276 kPa (40 psi) at 1°C (34"F), 207 kPa (30 psi) at 10°C (SO"F), 103 

M'a (15 psi) at 25°C (77"F), and 69 Wa (10 psi) at 40'C (104°F). 

Prior to testing, samples were conditioined at the test temperature (1, 10, 25, and 4(PC 

(34, 50, 77, and 104°F)) over night. The -18°C (0°F) test temperature used in the ASTM 

D4123 and SX-IRP resilient modulus testing was eliminated because the axial loads needed to 

achieve the appropriate axial strains exceeded thn: capacity of the load frame. Since the testing 

could be completed within four minutes of the sample being removed from the conditioning 

chamber, no environmental chamber was considtxed nect:ssary . 

Results were used to calculate loss modulus, storage modulus, and the phase shift 

between the applied stress and the corresponding strain response. 

Dynumic Modulus - Dinmetrul Compression 

The resilieri! modulus test described abiove was used with dynamic loading to obtain 

both the dynamic modulus and horizontal phase angle measurements Testing was conducted 

at the same test temperatures as used for the dynamic modulus using the axial method. The 

loading frequency was 0.1 Hz; the loads used were the same as for resilient modulus testing. 

Moisture Sensitivity 

The most commonly accepted measure of the loss of mixture strength due to moisture 

and freezehkaw darnage is defined by the ASTM D 4867, "Standard Test Method for 

Evaluating the Effect of Moisture on Asphalt Concrete Paving Mixtures" (11). The research 

behind development of this procedure has shown that there is a general correlation between 

laboratory results amd observed moisture damage of in-service pavements. Mixtures with 

refained strengths less than about 70 percent tend to exhibit moisture relatedl pavement 
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distresses (12). 

A second method to evaluate the loss of adhesion at the asphalt-aggregate interface wa.s 

recently developed by researchers at Auburn BJniversity for the SHRP A-003B cointrac~ While 

this method looks promising, the defmition of the test method was not completed at the end of 

the SHW contract. The final procedure used ito evaluate the I\dn/ROAD mixtures was 

developed under a separate Mn/DOT research project (13)~ 

Figure 4.4. Sample and Equipnieint Set-Up for Dynamic Testiing., 
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ASTM 04867 (Mod/jiedLottman) 

A set of six samples were prepared wiUi the design compactive effort rather than 

reducing the effort in order to increase the air voids per the test method directions. This 

decision was made based upon a preliminary analysis of m-place air voids obtained for the 5-

Year Mainline test sections which indicated that h e  in-place voids were between about 3 and 7 

percent (14)~ 

Briefly, the six samples were separated into two sets of three. Air voids, resilient 

modulus and tensile strengths were determined for the first set designated as the unconditioned 

set. The second set of samples were partially saturated to a level between 55 and 80 percent, 

wrapped in plastic, FroLen for a minimum of 15 hours, unwrapped and thawed for i!4hours in 

a 40°C (140°F) water bath. The samples were then brought to the 25°C (77°F) test temperaturie 

by storing in a water bath for 2 hours prior to ilesting. The results from this set of samples 

were referred as the conditioned values. Moislure sensitivity was evaluated using both the 

absolute values , before and after conditioning ~ for resilient modulus and tensile strength as 

well as the ratios of conditioned to unconditioned values. 

Resilient modulus was determined at the 0.1 second load duration with the 

measurements taken over the full diameter of the sample (ASTM D4123), and test frequencies 

of 0.33, 0.5, and 1.O � 1 ~ .Tensile strengths were deteirmjned at a loading rate of 50 mm/min 

(2 idmin). 

Ned Adsorption 

A 134 ml sample of a 0.6 g/L concentration solution of asphalt cement in toluene was 

placed in a large chromatography column and a peristaltic pump was used to continuously 

circulate the solution. A set of three columns were run simultaneously. Four milliliters of 

solution were removed from each column for an initial determination of asphalt cement 

coiicentration with a spectrophotometer The spectrophotometer measures the amount of light 

absorbed by the asphalt suspended in the toluene. Previous research found that a wave length 

of 410 nrn was best for measuring change in asphalt concentration (16). 
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Fifty grams of graded aggregate were then added to each column and the solution 

circulated through the column for 6 hours. Another 4ml was removed from each column acid 

the amount of adsorbed asphalt determined with a second spectrophotometer reading. Distilled 

water (1150 pl) was added, and the solution andl water recirculated for another 2 hours. The 

third and final reading was obtained at this time. ‘The within-laboratory standard deviation was 

reported by as 0.14 mg/g (15) for either washiedl or unwashed aggregate fractions smaller than 

4.75 mm (No. 4). The equipment used in this test is shown iin Figure 4.5. 

One change was made to the original SHRP procedure. This was to use 50 g of the full 

aggregate gradation rather than limit the test to only the aggregate fraction smaller than 4.75 

mm (No. 4). This change was made in order to assess tlhe influence of the full gradation on 

moisture sensitivity (12). 

The amount of asphalt adsorbed from {he:solution at any given time is calculated by: 

Where: 

B, = adsorption of asphalt cernent by aggregate, mg/g 

V = volume of solution in coXumn jusl prior to obtainjng reading, rnl 

M = mass of aggregate in column, g 

A, = initial absorbance reading 

A, = absorbance reading at time, t 

C, = initial concentration of asphalt in solution, g/ml 

The arnount of asphalt cement desorbed is the adsorption value after the water has been added 

to the column minus the value obtained just pxior to adding the water to the column. 



Figure 4.5. Equipment Set-1Jp for the Net Adsorption Test. 
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Low Temperature Behavior 

Indirect Tensile (NCHRP - Constant Rate of Defhnation) 

A compacted cylindrical sample was lOi2dfi:d diametrally at a constant rate of vertical 

displacement, and both the resulting load and the full diameter horizontal displacement were 

measured (17). While it has been (2) recommmded to 1.25 mm/min (0.05 inlrnin) rate of 

displacement a range of deformation rates that encompassed this loading rate was selected for 

thiis testing program. Loading rates were 0.025, 0.25, arid 2.51 d m i n  (8.001, 0.01, and 0.3 

in/min). This range was selected in order to evaluate the effect of a wide range of loading 

rates. Tests were conducted at two temperatures: -18°C (O"F),and 1°C (34°F). Due to the 

length of time needed to perform each of these tests (approximately 1 l~o2 hours per sample), 

only a set of three replicates were tested. The analysis included an evaluation of the 

maximum tensile strength and the corresponding full diameter horizontal strain. 

SZJPERPAVE (SHRP) Indirect Tensile Creep Tesr 

This test IS performed using a diametrailly loaded samplie to determine the creep 

compliance over a range of times and temperatures. The results are [hen used to ccinstruct a 

master creep compliance curve. The slope of this curve, m, is then used as a mixture property 

in the SUPERPAVE performance model. 

The SHRP M-005 test method called fm mounting both the horizontal and vertical 

sensors over the center 25 mm (1 in) of the sample (18). However, the only sensors available 

to perform this work were standard MTS extensometers. Horiizontal displacements were 

measured over the full diameter of the sample and the veirtical displacements were measured 

over the center one inch. 

Figure 4.6 shows the final configuratioin used for this test. 

Equations to calculate the strain over the center oine inch are derived in Appendix A. 

These equations were then used to calculate the creep compliaince reported herein. 

A load level for each of the four test temperatures was selected so that about 100 to 508 

micro strain in 1,000 seconds was achieved. 'The strain was then held constant and the stress 

61 



was allowed to relax. Typical loads used were: 200 to 275 kPa (30 to 40 psi) at -1.5"C (5"F), 

140 to 200 kPa (10 to 20 psi) at -10°C (14"F),'70 to 1-40lcPa (10 to 20 psi) at -5°C (23"F), 35 

to 70 kPa (5 to 10 psi) at 5°C (41°F), and 35 kPa (5 psi) at 15°C (59°F). 

Figure 4.6. Modified S H R P  M-005 Indirect Tensile Creep Test Instrumenlation. 

Permanent Deformation 

Repeated Load Axial Creep 

Cylindrical samples of 100 mm diameter by 200 nun tall (4 by 8 in) were used for this 

testing. A rubber membrane (when confining pressure was used) was placed over each 

sample, and then the sample was conditioned overnight a1 the test temperature. A collar 

holding three LVD'I's was placed over the centeer one-third of the sample, and the sample was 
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placed in a standard triaxial chamber. The exiterior plexiglass cylinder was then placed over 

the cell prior to mounting the entire fixture anld sample in the load frame. The following 

pressures were used: none, 100 kPa (15 psi), arid 200 kPa (30 psi). 

A repeated load was applied for one hour using a haversine wave form for a specific 

duration, then removed for a specific rest period. Both the locadand rest periods were selected 

to correspond with those used for resilient molldulus testing (ASTM 114123). At a load duration 

of 0.1 Hz and rest periods of 0.33, 0.5, and 1.O Hz, the total time the sample was subjected 1.0 

loading was 2, 3, and 6, minutes, respectively. A load duration of X .O second and rest periods 

of 0.033, 0.05, and 0.1 Hz also loaded the sample for same total time. 

Static Axial Creep 

Once the repeated load testing was coniplleted, the same samples were used immediately 

for the static creep test. MTS Testar hardware and control so�twarewas used to apply a static 

preconditioning axial load which was the same as the desired test load for 5 minutes. The load 

was removed for 2 minutes, and the sample was allowed to rtxover. 'The static load was then 

reapplied for 1 hour; data was collected throughout this lime period. At the end of 1 hour, the 

load was removed and the sample recovery was imonitored for 20 minutes. Samples were 

tested at 25 and 40°C (77 and 104°F). Originally, testing was to be performed at 1°C (34°F) 

but was dropped in favor of adding the SHRP constant slress test for the evaluation of low 

temperature creep behavior. The same equipiincnt used for dynamic modulus was used for this 

testing (Figure 3.6). 

Data was used to determine the creep compliance and modulus at 30 minutes, and the 

elastic, plastic, and viscous components of the material response. The 30 minute tjme interval 

for the creep modulus and compliance was selixlied because most samples survived at least this 

long at the more extreme ranges of testing coniditions (e.g. no confining pressure, warm 

temperatures). 
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CHAIYrE:R FIVE: 


MIX DESIGN MATERIALS 


INTRODUCTION 

This chapter presents the characterizabiion of the MdROAD asphalt concrete mixtures, 

as they were prepared for the purpose of proporitioning the binder and aggregates. The two 

binders used at MdROAI) included a 120/150 penetration grade asphalt and an A(: 20 

viscosity grade asphalt. The aggregate was a combination of ,a crushed granite and a river 

gravel used for both coarse and fine portions of the mixture. The aggregate gradation was held 

constant for all mixtures. The asphalt content was varied according to whether the mixture 

design compactive effort was a 3.5, 50-, or 75;-blow Marshall, or gyratory compaction, 

according to the SHRP Level 1 criteria. 

The mixtures tested in this portion of the research were combined and mixed by the 

Mn/DOT materials laboratory in Maplewood, Minnesota, and then transported to the 

University of Minnesota. The mixtures were stored in cloth bags until they were heated and 

compacted into Marshall briquets for testing. 

TEMPERATZW SUSCEPTIBILITY 

Resilient Modulus ASTM D4123 

The resilient modulus data for the mix design materials are shown in 'Table 5 ~ 1. The 

data for the 120/150 pen asphalt Marshall mix design materials represent the average of' 12 

samples. Data for both the AC 20 Marshall mix design and all1 gyratory-prepared samples are 

the average of 3 samples. The numbers of samples in a set were reduced based on an 

evaluation of the larger set of 120/150pen mi,chxre results. This evaluation is discussed in the 

following section. 
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Testing Variability 

Previous research indicated variability iissociated with resilient modulus testing was 

dependent upon the magnitude of the value, so Variability was best expressed in terms of the 

coefficient of variation (CV) (15). This research also showed the moduli to be log-normally 

distributed. The CV was consistently less than 3 percent for resilient modulus measurements 

within a set of three samples where the modulus was determined at a 0.1-second loild duration 

and a 2.9-second rest period (0.33 Hz) for mixtures with AR 4000 and AIR 8000 grade binders. 

In order to compare testing variability the CV of the log transformedl data for each set 

of 12 samples was calculated. A set of typical results are shown in Table 5 2. These moduli 

have lower CVs (between 1.9 and 2.4 percent) than the previous research indicated for the 

moderate test temperahxes [(i.e., 1, 10, and 2!j°C (34, 50, and 77"F)I. A slightly greater CV 

of between 1.5 and 3.5 percent was seen for thie longer load duration times. Changes in the 

rest period duration had little effect on the CV for a given load duration. 

The CV generally increased with test temperature. At the -18°C (0°F) the CVs ranged 

between 3.2 to 5.7 percent and between 5.3 to 8 6 percent for the 4CPC (104%) test 

temperature. The slightly larger CVs at -18°C (0°F) temperature were most likely the result sf 

thmnally induced sensor noise and the small displacements being measured. The higher CVs 

at the warmer temperature were most likely a IuIxction of the binder softening at high 

temperatures ~ 

The CVs in 'Table 5.2 were for a set of 12 samples while the previously reported 

variability was based on a set of 3 samples. In1 order lo evaluate the consequences of the 

increased number off replicates on testing varialbillity, the CV for a randody selected set of 3 

samples from each set of 12 was calculated. The CVs for a set of 3 versus 12 samples are 

shown in Table 5.3. No consistent decrease in1 testing variability was gained by increasing the 

number of samples from 3 to 12. Therefore, it was suggested that all further ASTM D4123 

resilient modulus testing be limited to testing a sct of 3 samples since there was no clear 

statistical advantage to testing a greater number of samples" 



Table 5.1. Temperature Susceptibility for a Set of 12 Samples,. 
(ASTM D4123, 120/150 Pen. Mlarshall Mix ]Design Materials) 

(510) (536) 

42 1 1 483 11 476 I 434 I 407 
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Table 5.1 (Continued). Temperature Susceptibility for a Set of 3 Samples. 
(ASTM D4123, AC 20, Marshall Mix Design Materials) 

12,4;!1 1 12,504 /I 9,324 1 10,495' 1 10,731 
(1,801) (1,813) (1,352) (1,522:) (1,556) 

2,028 
(294) (243) 

545 531 
(79) (77) 



Table 5.1 (Continued). Temperature Susceptibility for a Set of 3 Samples. 
(ASTM D4123, AC 20 and 120/1501 Pen, Gyratory Mix Design Materials) 

.: Indicates data lost due to computer disk damage. 



Tablle 5.2. Coefficienl:of Variatiion far Log Transformed Data 
(120/150 Pen, 75 Blow Marshall Mix Design Material). 

Table 5.3. Coefficients of Variation for Selected Sets of 3 and 1:2 Samples. 
(75 Blow Marshall Mix Design Material). 
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In-fuence of Rest Period Duration 

Figure 5.1 shows the typical relationshiip obtained for resilient moduli at different 

temperatures for a range of rest period aura:icm. No discernable differences could be seen 

with a 0.1-second load duration and rest periods of either 0.9 (1 Hz), 1.9 (0.5 Hz), and 2.9 

(0.33 Hz). Figure 5.2 shows that for load durations of 1.0 seconds, there was some difference 

in the results with differences in the rest periods. Eowever, these differences did not appear to 

be not statistically significant. 

ResilientModulus. MPa 

-1 
I*# 

--\ 

120/150 Pen, 50 Blow 

10 ----+--' ' I _+_l-L_At----------i----
-40i-20 0 20 40 

Telinperature,6 

Figure 5.1. Typical Resilient Modulus (ASTM D4123) Relationships Due to Test 
Frequency (0.1 Second Load Duration) for the 120/150 Pen, 50 Blow Mix Design. 
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-- 

Resilient Modulus, MPa 
---I----

1.O Second Load 
*0.33 Hz *0.033 Hz----I 


120/150Pen, 50Blow 

A----L--l__l$---_l-+---- --+----+-+ 
40 -20 0 20 4) 

Temperature, C 

Figure 5 2 .  Typical Resilient Modulus (ASTM D4123) Relationships Due to Test 
Frequency (1.0 Second Load Duration) lor the 120/150 Pen, 50 Blow Mix Design. 

Xnjluence of Load Duralion 

Figure 5.3 shows a typical relationship between the 0.1 and 1 .0 second load durations 

at approximately the same rest period duration (2 secoinds for 1.O load duration and 2.9 

seconds for 0.I second load duration). This figure indicates that moduli were similar at the 

colder temperatures. However, there was an increasing difference in moduli with an 

increasing test temp-ature above 10°C; (50°F). At about 25°C (77"F), there was a loss of 

apparent stiffness of about 50 percent when the load diiration was increased from 0.1 to 1-0 

seconds ~ 
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Resilient Modulus, MPa 
--___--____ I___ 

0.33 Hz 
JC0.l Second Load 

Temperature, C 

Figure 5.3. Typical Influence of Lmd DuraUion on Resilient Modulus. 

Influence ofAsphalt Grade 

Figure 5.4shows that the there was typically a significant lower modulus for the softer 

120/150 pen asphalt mixtures for test temperabi~resbelow 25°C (77°F) for the 0.1 second load 

duration. When the load duration was increased to 1.0 seconds, the 120/150 pen asphalt only 

had a lower moduli than the AC 20 for temperatures below 1°C (34°F) (Figure 5 . S )  . The 

apparently lower moduli for the stiffer AC 20 at the 4cPC (104°F) test temperature was not 

statistically significantly lower due to the higher testing variability at this temperamre and load 

duration. 
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1.O Second Load Duration 
0.33Hz Frequency (29Second West) 

IC)-40I-----+-' 
-20 
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kmperature,,C 

Figure 5.4. 	Influence of Asphalt Grade on Resilient Modulus 
(0.1-Second Load Duration, 0.33 Hz), 

100 

- 1.O Second Load Duration 

0.33Hz Frequency (29 Second Rest) 

'I 0 __._L-.-+-I---L-I--C-- +------ +--. J 

Figure 5.5. Influence of Asphiialt Grade on Resilient Modiulus 
(1.0-Second Load Duration, 0.033 Hz). 
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Comparison of Mixtures 

Figure 5.6 compares a typical temperailcure susceptibility for each of the four mix design 

materials. Table 5.4 shows the plus and minus one standard deviation range of moduli for 

each of the 1%0/150pen asphalt mix materials aIound the mean. The standard dewation was 

calculated based on the CV values developed in 'Table 5.2. Based on these results, the 50-blow 

mix design materials appeared to have a slightly lower moduli at the colder test temperatures 

There was very little difference between any of !he 120/150 pen mixtures at the warmer test 

temperature. 

Figure 5.7 and Table 5.4 show that in general, the lower asphalt cement content 

mixtures (75 blow and gyratory) had higher moduli at all test temperatures than the higher 

asphalt cement content mixtures (35- and 50-blow). 

Table 5.4. Ranges Plus or Minus One Standlard Deviation of Mean for 
120/150 Pen and AC 20 Mix Design I'Mixture!~(0.1 second load, 0,,33�h.) 

Not Available 

6,421 - 15,538 

: Data disk damaged. NT: Not tested at this temper,,iture. 
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600,000 -

‘i20/150 Pen Mix Design Material 

10,000 7 


c 


1 ,OC)O c -*\ 
- 0.1 Second Load Duration 

. 0.33 Hz Frequency (2.9 Second !best) 


Figure 5.6. Typical Resilient Moclullus Relationships (ASTM lD4123) 
for 120/15G Pen Asphalt. 

100,am Resilient Modulus, MPa 

/-“---ACKDesign Material 
+Gvratow *75 Blow -50 Blow H35 Blow--1 

10,OC)O 

1,000 


0.1S Lond Load Duration 

Temperature, (s 

Figure 5.7. Typical Resilient Mocllullus Relationships (ASTM lD4123)
ffor AC 2,O Asphalt 
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Dynamic Modulus 

Axial Loading Configuration 

Data Reduction: Preliminary tests were conducted with a set of 120/150 pen asphalt 

mixture samples at room temperature to evaluaite the sensor response at each of three 

frequencies (0.1, 1.0, and 10 Hz). Electronic noise was present at all frequencies, however, ,a 

clear sinusoidal wave form could be identified at 0.1 and 1.O Hz. Data obtained from the 10 

Hz sequence had too much noise and a distinct wave form was difficult to identify. This was 

attributed to the inability of the spring loaded LVDT's to respond quickly and smoothly to the 

loading rate. Also, at 10 Hz, a measurable displacement was difficult to obtain due to 

equipment load and frame compliance limitations. 

Strain amplitude (E) and the average phase shift (6) were measured from the last 5 

loading cycles of a 15 cycle testing sequence. While a fair response was obtained from the 0.1 

and 1.0 Hz tests, it was noted that some adjustment was needed to be made to smooth the 

strain curves. Therefore, a moving average of 12 data points was used to smooth tlie raw data 

curves. This adjustment shifted the smoothed curve to the right; the curve was manually 

shifted back so that it was properly in phase. This process was used for all data discussed in 

the following sections. 

Test Method Precision: Table 5.5 shows typical standlard deviations and coefficients 

of variation associated with measuring the straiin amplitude over the center one-third of the 

sample for both the last five cycles used to repod results for one sample and a sef of six 

samples. This table shows that the standard deviation of the last five cycles of data obtained 

for one sample was constantly less than 6 pmrrdnim, regardless of test temperature or 

frequency. However, there was a consistent iriicrease in the standard deviation wlthin a set of 

six samples and a corresponding increase in temperature. Standard deviations were below 10 

pmm/mm for the 1 and 10°C (34 and 50°F) test temperahrres. The variability approximately 

doubled for the unconfined samples at 40°C (104°F). 

These results indicate that the displacement measurements were very consistent for a 

given sample ~ regardless of test temperature, loading frequency, and confining pressure. 
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However, mix variables such as sample preparation, air voids, etc. had a significantly 

increasing influence on the precision of the test results as the'test temperature was increased 

above 10°C (50°F). 

Table 5.6 shows the standard deviations and coefficients of variation associalted with the: 

delemination of the phase shift, 6. Standard deviations for the phase angle were much more 

variable than for those for determining strain amplitudles. This can be seen by comlparingthe 

coefficients of variation: between 9 to 22 percent and between 1 to 8 percent for the phase 

angle (0.1 Hx) and stram amplitude, respectively. The coefficient of variation increased to 

belween 16 and 51 percent when the frequency was increased to 1 Hz. A comparison of the 

statistics for the last five cycles of the same sample and a set of six samples shows little 

increase in standard deviation. This indicates 1 hat the variability associated with determining 

the phase angle wa!j primarily a function of the nreasuirenient system and/or the data reduction 

process. 

Complex Mbdulus: Tables 5.7 and 5.8 show the complex modulus values for the 0.1 

and 1.0 Hz loading frequencies, respectively, for the 120/150 pen and AC 20 asphalt mixtures. 

In general the modulus decreased with increasing temperature, regardless of loading frequency" 

Also as expected, a higher loading frequency resulted in an increase in modulus. Increasing 

the frequency from 0.1 to 1.O Hz resulted in an iincrease in stiffness of approximatelly 100 

pex cent for these materials regardless of test temperature. Differences in asphalt content did 

not have a noticeable influence on the complex modulus for the 120/150 pen mixturles. The 

modulus was similar for all of these mixtures fix any given loading conditioin and test 

temperature. The AC 20 showed slightly higher modulus values at the wanmer temperatures 

and decreasing asphalt cement contentI 

Confining pressure only appears to significantly increase the modulus at the 84VC 

(104°F) test temperature. Figure 5 I 8 shows typical results for complex modulus bebavior over 

a range of temperatures Figure 5.9 shows thalt the faster 1.O Hz loading frequency results in a 

relatively uniform increase in complex modulus over the entire temperature range(. This is 

generally true with or without confining pressure. 



Ta
bl

e 
5.

5.
 P

re
ci

sio
n 

of
 S

tr
ai

n 
A

m
pl

itu
de

 M
ea

su
re

m
en

ts
 

(1
20

/1
50

 P
en

 A
sp

ha
lt 

M
ix

 D
es

ig
n 

M
ix

tu
re

s)
. 



Ta
bl

e 
5.

6.
 P

re
ci

sio
n 

fo
r 

Ph
as

e 
A

ng
le 

M
ea

su
re

m
en

ts
 



-I
100 ~ ~ - - - - - - t ~ - ­---ti"' 
0 10 	 20 30 40 SO 

Ternperature, C 

Figure 5.8. Influence of Confining Pressure and Test Temlperature on Complex Modulus 
(120/150 Pen Asphalt, 50 Blow Mix Dlksign Mixtures, Frequency = 0.1 I&). 

100,000 I 
Complex Modulus, MPi3----_-

1.0Hz 
120/150Pen AC 

50 131ow Mix Design 
10,000 Confining Pressure: 1 
1,000 

100 I--- t-- +-- +--+&-A­

0 10 20 30 40 50 

Ternperatore, C 

Figure 5.9. Influence of Confining Pressure and Test Temperature on Complex Madulus 
(120/150 Pen Asphalt, 50 Blow Mix ICIlesiign Mixtures, Frequency = 1.0 IHZ). 



Figure 5.10 compares typical complex modulus test results (1.0 Hz) and thc:more 

commonly used resilient modulus test results [0.1 load duration, 0.9 second rest period (1.0 

HL)J. As mentioned before, there is little diE(:n:nce between the complex modulus due to 

changes in asphalt percent asphalt contents. Resilient modulus values were consistently higher 

at the warmest temperature and lower at the colder temperatures than the complex modulus. 

'These trends generally agree with those reported by Tayebali, et. a1 QQ)o Since these modulii 

are not theoretically equivalent, it was not expected that ithe values should be similar. This 

analysis was included as a frame of reference lor reviewing the data and relative magnitudes of 

moduliI 

100,000 

10.000 

100 


Modulus, MPa - -___---
1201150 Pen AC 

50 Blow lUix Design 
__I~I-_I--

Frequency: 
JrRedienl Modulus (0.1 sec load, 1.0 tlz) 

Modulus (1 Hz, Unconfined) 
-II__-­

+-L - L _ _ L  
---A+.d-.-L+..l.d-.-A +A-

0 10 20 30 40 50 

Ternpeirature, C 

Figure 5.10. Comparison of Resilient and Complex Moduli Values over a 
Range of Test Temperatures (120/1!50 Pen Asphalt Mix Design Mixtures). 
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Phase Angle: Tables 5.7 and 5 ~ 8 also show the imean phase angles and strain response. 

The average phase angle increased with increasiiiig test temperature up to 25°C (77°F). It either 

leveled off at this temperature or decreased slightly as the test temperature was increased. The 

AC 20 mixtures showed a continual increase In lhe phase angle above 25"@(77"F). The faste,r 

1.0 Hz loading frequency resulted in a decrease in the phase angle at both the 1 and 1C?C (34 

and 50°F) test temperatures for both grades of asphalt. 

Diumetrul Loading Configuration 

A thorough theoretical evaluation of thle c.:omplica.tedstresses and strains associated with 

the diametral testing configuration was conducted and the results are discussed in Appendix P I .  

This analysis approach was used to calculate the dynamic modulus and phase angle. 

Table 5.9 shows the typical horizontal strain amplitude standard deviations associated 

with testing a set o f  three samples. This table shows that results for the 0.1 Hz testing 

frequency had generally high coefficients of variation. The coefficient of variation values 

were erratic with no obvious trends in the data. Variability of results obtained at the faster 1.0 

Hz was both lower and more consistent than those for the 0.1 Hz. No test results could be 

obtained at the warmer 40°C (104°F) test temperature because the expoxied knife edges used t.0 

mount the sensors moved as the asphalt softenfedat the mixture-knife edge interface. 

Complex Modulus: Tables 5.10 and 5 11 show the results for the 0.1 Hz and 1.O Hz 

dynamic loading, respectively~ The variability in the strain amplitude measuremenrs can be 

seen in the typically large standard deviations shown in these tables. These large standard 

deviations prevent conclusive statements regar8diiiigdifferences between mixtures. There 

appears to be a tendency for the gyratory samples to have consistently higher complex moduli 

values at all test temperatures. This differencc could reflect real difference in mixture 

properties such as a lower asphalt cement content. It could also, however, reflect mixture 

differences induced by changing the method of compaction. A thorough investiga.tioninto the 

influence of method of compaction on test res,ults is needed before any conclusion can be 

drawn. The expected mixture stiffer response with a faster loading time was seen only at the 

faster 1.0 Hz loading frequency when samples are tested at 4PC (104°F). 

8I!; 
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Table 5.7. Axially Loaded Complex Modnluis and Phase Shift Data Collected[at 0.1 H;r, 

Not Tested Due to Lii 

:d Due to Limited Materials 



Table 5.8. Axially Loaded Complex Moduiilus and Plhase Shift Data Collected at 1.0 Hz 



Table 5.9. Typical Precision of Wain Amplitude Measurements foir 
Diametral Dynamic Modillus (Mix Design Materials). 
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Table 5.10. Diametral Complex Mlodlulus and Phase Shift Data (0.1 Bh). 
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Table 5.11. Diametral Complex Modulus and Phase Shift Data (1.OHz). 

Testing Difficulties 



Phase Angle: Because of the standard deviations associated with phase angle 

measurements, only general conclusions can be made. The phase angle increases with test 

temperature and appears to be independent of the grade of asphalt when mixtures were tested at 

a loading frequency of 0.1 Hz. However, when the mixtures were tested at a loading 

frequency of 1.O Hz, mixtures with the stiffer A@20 asphalts had consistently lower phase 

angles than mixtures with the softer 120/150 pen asphalt. 

MOISTURE SENSITIVITY 

Net Adsorption 

Table 5.12 shows the results for this test method. Since the net adsorption test uses 

only individual component materials to evaluate the attraction of the asphalt for the aggregate, 

neither the asphalt content nor the method of c:oInpaction are represented in these rc:sults. The 

data indicate llittle difference between the asphall cements. ‘This agrees with the original SHRP 

research which indicated that only small changes in test results were obtained by varying the 

asphalt cement grade and/or source in a given mixture (15). 

While not specifically stated in the final !3HRP report, results indicated that asphalt-

aggregate pairs with net adsorption values less than 0.700 mg/g (washed aggregate) could be 

expected to show moisture -related pavement distresses while pairs with net absorptions greater 

than approximately 0.900 mg/g (washed aggregates) were associated with mixtures that did nlot 

have a history of moisture sensitivity (16). Diita between 0.700 and 0.900 was not presented 

in the final SHW report. Given these results, neither MdROAD mixture would be expected 

to exhibit moisture sensitivity due to the loss of adhesion at the asphalt-aggregate interface. 
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Table 5.12. Net Adsorption Results 

1: Average cif three colurnns. 

ASTM D4867 - Modified Lottman 

The moisture sensitivity of the compaci.ecl mixtures was evaluated and the test results 

are shown in Table 5.13. High tensile strengths are most likely due to the lower thLan usual 6 

to 8 percent sample air voids being lower than specified for this test. The tensile sirength 

raiios appear to be acceptable (i.e., > 70%),however higher air voids would be expected to 

decrease this ratio ~ The gyratory compacted smples appear to have consistently higher va1ut:s 

of both resilient modulus and tensile strength ratios. 

Figure 5.11 shows that the tensile strengtlhs for the 120/150 pen asphalt mixtures are 

lower than for the AC 20 mixtures. There was only a slight influence from the asphalt content 

on the tensile strengths for the 120/150 pen asphalt mixtures. Figure !5.12 shows that both the 

resilient modulus and the tensile strength ratio:; were similar for both grades of asphalt cernent 

LOW TEMPERATURE BEHAVIOR 

Indirect Tensile (Constant Rate of Deformation) 

Table 5.14 shows both the results and the testing variability for the low-temlperature 

indirect tension test. The variability is shown a:; plus or minus one standard devialion. This 

table shows that the precision associated with determining tensile strength decreased with 

increasing rates of displacement. This was tme jor either test temperature. The precision of 

corresponding horizontal displacement measurmients was not dependent upon the load rate but 

upon the test temperature. The variability for fhc 120/150 pen. asphalt mixtures increased from 

approximately 80 to between 200 to 800 pm for lhe -18°C: (0°F) and 1°C (34°F) test 
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Table 5.13. Assessment of Moisture Sensitivity for Compacted Samples 
(Mix Design Materials). 

1: these values were obtained from the temperature series sarnl)les 
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Tensile Strengths, kPa 
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35 !XI 75 Gyratory 35 5cI 7!j Gyratoity 

Figure 5.11. 	Tensile Strengths Before and After Moisture Conditionhg. 
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Figure 5.12. Resilient Modulius and Teinsile Strength Ratios. 



temperatures , respectively. These precision estimates indicate that most tensile strengths were 

significantly different while the horizontal displacements were only significantly different at the 

colder test temperature. 

The results show that faster displacement rates result in higher tensile strength values. 

However, it appears that the magnitude of this increase at the colder -18'1°C (0°F) test 

temperature was also dependent to some extent on the binder content for the softer 120/150 

pen asphalt mixtures. As the test temperature increased, changes in the 120/150 pen mixture 

stiffness became more dependent on the loading rate than the asphalt content. There was no 

significant difference in the tensile strengths for ithe AC 20 mixtures due to different asphalt 

cement contents. 

At the colder -18°C (0°F) test temperatore the horizontal displacements of the 120/150 

pen mixtures increased with decreasing tensile strength. This was expected as a more ductile 

material will have a greater ability to strain. The AC 20 mixmres all showed approximately 

similar horizontal strains regardless of defonmtion rate or asphalt content at the same test 

temperature. While the tensile strength of botllh the 120/150 pen and AC 20 mixtures were 

similar, the horizontal strains for the AC 20 mixitures were substantially lower than the 

120/150pen mixtures for all but the 2.5 mm/niiri (0.1 in/min) rate. This would indicate that 

the AC 20 mixture could be expected to have ii similar stiffness but much less abiKiiy to resist 

thermal cracking than the 120/150 pen mixtures. 

At the warmer 1°C (34°F) test temperature, similar trends of increasing stiffness with 

increasing deformation rate were seen for both the 120/150 pen and AC 20 mixtures. The AC 

20 mixtures had significantly higher tensile strlengths at tlhis teimperalnre than the 12!0/150 pen 

mixtures ~ This increased iensile strength was also accompanied by a significant decrease in the 

horizontal strain measurements ~ 
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Table 5.14. Low Temperature Behiavior at Constant Rate of Deformation 

(Mix Design Materiads)I 


!>4 




Table 5.14, (Continued). Low Temperatuire Behavior at Constant Rate of Deformation 
(Mix Design Materials). 
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Indirect Tensile Creep (SHRP - Constant Stress) 

Table 5.15 shows the creep compliancc: values after 1,000 seconds of loading. The 

compliance increases with temperature and is uniformly Less for the higher viscosity AC 20 as 

compared to the 120/150 pen asphalt. Figures 5.13 through 5.20 show the average creep 

compliance curves for X20/150 pen and AC 20 asphalt mixtures, respectively. As expected, 

the slope of the compliance curves increase with increasing test temperature. 

Table 5.15. Indirect Tensile Creep 'rest Results for Mix Design Materials. 
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PERMANENT DEFORMATION 

Repeated Load Creep 

Tables 5.16 and 5.17 show the repeateld lload creep test results obtained with both a 0 1-

and 1.O-second load duration, respectively. The 0.1-second load duration test results for eithLer 

temperature show a general trend of increasing c reep modulus with decreasing asplialt content 

for the 120/150 pen asphalt mixtures. This same trend can be seen iin the results for the AC 20 

at 25°C (77°F). At 40°C (104"F), there is littlt: difference in the creep modulus with asphalt 

content. Similar trends are seen when the load duration is increased to 1.Q second. 

When the loading frequency is increased, the total time a load is applied to the sample 

during a 1-hour test is increased. The data shilDws the longer the load is applied to the sample 

(i.e., the higher the frequency), the higher the compliance calculated at the end of , I  1-hour 

test. This is as expected since the longer the load is applied, the more the sample deforms (i.e.> 

material is more compliant). This is consisteint for all of the data, regardless of load duration, 

test temperature, or confining pressure. 

The data indicate that the standard devliation associated with the average cireep modulus 

for a set of three samples increased when confining pressure was used. This was true for 

either the 25 or 40°C (77 or 104°F) test temperature. Figure 5.21 shows that the creep 

modulus standard deviation was consistency less than 50 MPa for the 0.1-second load duration 

125°C (77")Jtest conditions with no confining pressure. When confining pressure was used, 

the standard deviation increased to about 100 11.0250 MPa. There was a clear trend of 

increasing standard deviation with increasing creep modulus values which would indicate that 

the coefficient of variation would be a more appropriate statistic. Similar conclusicins apply to 

the results foir the 1.O-Hz loading frequency d,itat. 

Static Creep 

Static creep testing was conducted on the same samples as used for the repeated load 

testing. This means that the samples were subjected to a total of 11 minutes of precmnditioning 
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load prior to static testing. It was assumed that since the total load duration was the same for 

both the 0.1-and 1.O-second load duration testiinj:, then these sample sets should be replicates. 

Siince the creep moduli were similar between the two sets of samples; (Figures 5.22 and 5.231, 

it was concluded that this was a reasonable assumption. The results for each set of' samples 

tested at 25°C (77°F) and 40°C (104°F) are shown in Tables 5.18 and 5*19, respect~~vely. 
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Figure 5.21. Comparison of Creep Modulus far 120/150 Pen AC 
(0.1 Second Load Duration, 25uC) 
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Table 7.7. Test Results Associated with In-Place Density Measurements 
(1 0-Year IMainlince) 
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Table 7.7. (Continued) Test Results Associated with In-Place Density Measiurements 
(10-Year Mainline) 

11. 5 ‘7 



Table 7.8. Temperature Susceptibility (Resilient Modulus ASTM D41%3) 
(10-Year Mainline). 

16 41 1 (2,382) 
-+ 4,857 (705) 

7,627 (1,107) 
1-806 (1 17) 

2,073 (301) 
_ _i-162 (23) 



Table 7.8. (Continued) Temperature Susceptibility (Resilient Modulus AS'l7.M D4123) 
(10-Yeair Mainline). 
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Table 7.8. (Continued) Temperature Susceptibility ((ResilientModulus ASTM D4123)
(10-Year Mainline). 
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Figure 7.4. Typical Resilient Modulus vs. Temperature for 10-Year Mainlinle Cores. 
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Figure 7.5 Comparison of Unconditioned and Conditioned Tensile Strengths for 10-Year 
Mainline Cores. 



Table 7.9. Tensile Strengths for 10-Year Mainline Cores. 

1.65: 




Table 7.10. Low-Temperature Test Results (110-Year Mainline). 



Table 7.10. (Continued) Low-TemperatureTest Results (10-Year Mainliine). 

LOW VOLCJME ROAD 

Cores were obtained during the sensor pl acement operations. However, there were only a 

limited number of appropriate sized cores available for testing as some of the cells were cored 

with a large 150-rm (6-in) outside diameter barell. These cores were used to determine density, 

but they would not fit in the apparatus for resilient modulus testing since the core diameter was 

about 6 rnm (0.25 in) smaller than the core barrel diameter. 
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Figure 7.6. Comparison of Low Temperature Tensile Stren,gths(10-Year Mainliine Cores). 
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Figure 7.7. Cornparisom of Horizontal Strains at Fracture for Low TemperatulreTensile 
Strength (10-Year Mainline Cores). 
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As with the cores for the 5-Year and 10-Year Mainline sections, these were wet-cored 

arid then stored in sealed containers. Upon opening the containers, there was evidence of damage 

for several of the samples. 

In-Place Density and Air Voids 

Table 7.1 1 shows the average in-place air voids foir each lift in each test cell as well as 

specific gravity and the average lift thicknesses (aifter sawiing into lifts). The in-place voids were 

calculated using the maximum specific gravity reported by Braun Intertsx, Knc. For thle behind-

the-paver materials. This was because of the limited number of cores available for testing. 

The air void contents were generally belwleen 5 and 8 percent. l'he exceptions were the 

wc:ar courses in cells 30 and 3 1 with void content!;of 9.9 and 9.8 percent, respectively. These 

test cells were paved during a thunderstorm noted in the Low Volume Road construclion section. 

Temperature Susceptibility 

Resilient Modulus ASTM D 4123 

'Iable 7.12, shows the resilient modulus values over a range of temperatures for the Low 

Volume Road test cells. Moduli values are very consistent between lifts of the same lest cell as 

well as between different test cells. This suggests that the variations in asphalt content did not 

significantly influence the moduli values. 

Tensile Strengths 

Table 7-13 shows the tensile strength results obtained for the Low Volume Road cores. 

Tensile strength values were consistent between both lifts and test cells. However, all values are 

lower than would normally be expected, most likely because of damage incurred by storing wet 

samples and then freezing for long-.termstorage. 
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Table 7.11. Test Results Associated with In-Place Density Measurements 

(Low Volume Road) 



Table 7.12. Resilient Modulus of Low 'VolumeRoiacl Cores. 



Table 7.12. (Continued) Resilient :lModulusof Low Volume Road Cores. 



Table 7.13. Tensile Strength Values for Low Volume Road. 



CHAPTER EIGHT 

COMPARISONOF msuL'rs 

TESTING VARIABILITY 

Any comparison of data requires an understanding of 1he testing variability associated 

with the test results. Table 8.1 summarizes the average standard deviation or coefilcient of 

variation for all testing used to characterize the MdROAD mixtures. 

Resilient and Dynamic Modulus Tests 

The resilient modulus testing variability was consistent between all sample sources 

(i.e. mix design, behind-the-paver, and cores); the coefficient of variation (CV) for this test 

was determined for the log transformed data. 

The coefficient of variation for the untiraiisformedl data from the axially loaded dynamLc 

modulus testing was approximately 10 percent (with one exception) for all test temperatures, 

with or without confining pressure, at a loading frequency of 0 . 1  Hz. The exception was that 

using confining pressure significantly increased ilhe CV at the warm 40°C (104°F) test 

temperature. The CV also increased to about 15 percent when the loading frequency increased 

to 1.0 Hz. The CV for the phase angle measureiments were approximately 16.9 percent for ail1 

test temperatures, with or without confining pil-e~,sure,and the 0.1 Hz loading frequency. This 

CV also increased with loading frequency to 30.'7 percent. The consistency of the CV with 

increasing magnitude of measurements indicate that the standard deviation is magnitude 

dependent for both the strain and phase angle iineasurements. 

The strain measurements for tlhe diametrally loaded dynamic modulus measurements 

showed the opposite trend. That is, the faster the. loading frequency the lower the CV. For 

0.1 Hz, the average CV was 21.1 percent and decreased to 11.9percent at the 1.O 132 

frequency. The phase angle measureirients were highly variable at the cold test teniperature. 

The coefficient of variability decreased with iriicreasing temperature. These phase angle 

measurements were not dependent upon the lolzdnngfrequency. 



Moisture Sensitivity Tests 

The standard deviations for the adsorption, desorption, and net adsorption results were 

similar with the average standard deviation bein;s 15 mg/g. The testing variability for the 

unconditioned resilient modulus portion of the moisture testing was the same as reported in the 

previous section. The tensile strength coefficient of variation for the unconditioned samples 

was 5.2 percent, which was slightly less than lthc 7.9 percent for testing after freezdthaw 

conditioning. Testing of both mix design and behind-the-paver samples had similar variability. 

Low Temperature Tests 

The standard deviations for the indireci. tensile testing at various rates of deformation 

increased with increasiing rates. Similar trend!; were seen for all sample sources and test 

teJmperatures~ However, the standard deviations at the warmer 1°C (34°F) test temperature 

were significantly lower than for colder -18°C (0°F) which also corresponds to a decrease in 

tensile strength with increasing temperature" This suggests that the standard deviation will be 

dependent upon the magnitude of the tensile strength. The corresponding horizontal strains 

were not only dependent upon the deformation rate and test temperature but also on the sample 

source. The faster the rate of deformation, the greater the horizontal strain variability. When 

the test temperature increased from -18°C (0°F) it0 1°C (34"F), the horizontal strain standard 

deviation increased by an order of magnitude. The standard deviations associated with testing 

cores were 200 to 400 percent greater than those for the corresponding mix design materials. 

The modified indirect tensile creep test showed the coefficient of variation of the creep 

compliance to be 21 ~ 1 percent and independent of test temperature. The CV for measuring the 

slope of the creep compliance curves was 23.1 pcrcent arid also apparently independent of test 

temperatureI 

Permanent Deformation Tests 

The testing variability for the static and rcpeated load creep tests increased when 

confining pressure was used. The standard deviations decreased with increasing test 

temperatures, but since this is also accompanied lby a decrease in creep modulus, it is most 



likely that the standard deviation is a function of the magnitude of the modulus. Therefore, the 

coefficient of variation may be a more appropiate expression of creep testing variability. 

Since only a limited amount of testing was completed for the behind-the-paver materials, no 

conclusions regarding the influence of sample source on testing variability can be made. 

COMPARISON OF RESULTS FOR THE "VARIOUSSAMPLE SOURCES 

Temperature Susceptibility 

Figures 8 I l a  through 8.lc  show the typical resulls obtained for the mix design and 

behind-the paver material sources of the 3 5 ,  SO-, and 75-blow 120/150pen asphalt mixtures. 

In general, the mix design materials had loweir moduli than the behind-the-paver materials 

below test temperatures of 25°C (77°F) and similar moduli above this temperature. Figures 

8.2a through 8 . 2 ~show the same comparisons for the A@20 imixtures. The mix design and 

behind-the-paver moduli were similar at the colder temperatures and were variable at the warm 

temperaturesI This suggests that the temperature susceptibility of softer grade asphalt may be 

significantly altered during production while tihe higher viscosity AC 20 may be re1atively 

unaffected ~ 

Figurc 8.3 shows that erratic results wIi:r(: obtained for the gyratory compacted samples. 

In general, both mix design and behind-the-paver materials had similar moduli values at a 

given test terrrperature. Differences in the influence of asphalt content on mixture properties 

between these data and the previous data shovcrn in Figure 8.2 may be due to the different 

aggregate stnicture formed during gyratory shear compaction versus impact compac:tion with 

the Marshall hammer. 
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Table 8.1. Comparison of Test Method Variability. 

Same as Mix Design Same as Mix Design 

Same as for Mix Design Not Appl.icable 

Not Applicable Not Applicable 

re Sensitivity 

Not Applicable 

.-I-

S,ime as Mjx Design Not Applicable 

--_I 7.-



Table 8.1 (Continued). Compriariison of Irest Method Variability. 

Std. Dev. at -18°C 
kPa (psi):

147 (21)
229 (33)

NA 

Std. Dev. at 1°C 
kPa (psi): 
53 (8)
92 (13)

NA 

S'td. Dev. at -18°C. hisNo Testing; at 1g: 
Temperature 

Std. Dev. at 1°C. u c :  
200 
121 
NA 

Not Applicable 

Std. Dev. at -18°C 
kPa os1)
8 0 7 31)
210 (31)

Nf i 

Std. Dev. at 1°C 
__kPa (psi):
41 (6)
54 (8)

NA 

Std. Dev. -18°C. ue: 
169 
2.11 
NA 

Std. Dev. at 1°C. UE: 
1,2715
1,2,0:2 
NA 

Not Appl [cable 
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Table 8.1 (Continued). Cornp,arisonof Test Method Variability. 

Not Available 

Creep Mod. Std. Dev. 
MPa (ksi)

No Confine. With Confine 
0.1 sec load, 25°C (77°F): 

29 (4) NA 
23 (3) NA 
18 (3) NA 

Not Available 

Not Available 

Not Available 

Not Available 

Not Available 

Not Available 

Not Available 

Not Available 

Figure 8.4 shows that changes in the asphalt content did not significantly idluence the 

temperature susceptibility of the mixtures. The llow moduli value for !he 35 blow AC 20 

mixture from test cell 19 (Figure 8.4d) may be due to sampling problems during construction. 

Figure 8.5 shows that there was some difference in cold temperature moduli values foir 

tht:  5-Year Mainline materials (12W150 pen asphalt) when compared to those from the 10-Year 

Mainline. Note that the mix design results untleir-predicted the cold teimperature moduli of the 

10-Year Mainline 120/1150 pen asphalt test cells while over-predicting the moduli at the 

warmer temperatures (Figure 8.5a) for the same cells. However, the AC 20 behind!-the-paver 

mixtures moduli were reasonably similar to thosc,:for the mix design materials. 
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Figure 8.1. Comparison of Mix Design and E3ehind the Paver Mixtures. 
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Figure 8.2. Comparison of Mix Design and Behind the Paver Mixtures. 
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Figure 8.2. (Continued) Comparison of Mix Desigri and Behind the Paver Mixtures. 

(AC 20) 



100,000 

10,000 

1,000 

100 

Resilient Modulus, MPa 
-______-___ -

Gyratory &%Design: 
*Mix Design 120/150 Pen Gyratory *Mix Design AC 20 Gyratory 
+5-Year 120/150 (4) -e-lO-Year AC 20 (16) 

___.______ _____I___ 

I 

Behind the Paver 
0.1 Sec Load 
0.33Hz 

-20 -10 0 10 20 30 40 50 

Temperature, (2 
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Moisture Sensitivity 

Figure 8 ~ 6 compares the mix design and behind-the-paver unconditioned tensile 

strengths and tensile strength ratios ~ In general, the behind-the-paver materials had either 

similar or greater tensile strengths than the mix design samples. The tensile strengths of the 

AC 20 mixtures from either sample source were about 20 percent higher than those for the 

120/150 pen asphalit mixtures (Figures 8.6a and 8.6b). There was no consistent trend in tensile 

strength ratio results (Figures 8 . 6 ~and 8.6d). 

Low Temperature Testing 

Figure 8.7 compares the tensile strengths and corresponding horizontal strains for the 

0.025 mm/mim deformation rate at 1°C (34°F) of the mix design, behind-the-paver materials, 

and cores. The tensile strengths for the 120/150 pen asphalt behind-the-paver mixtures were 

similar to those for the mix design mixtures. 'They were approximately 50 percent higher than 

the mix design mate:rial results for the AC 20 mixtures. The tensile strengths of the cores were 

only about half of those for the mix design materials. This is most likely a functiori of the 

differences in air voids between the sample sets. Mix design samples generally had around 4 

percent air voids while the voids in the cores weire between 6 and about 7 percent. 

'The Corresponding horizontal strains for The mix design and behind-the-paver mixtures 

were similar, regardless of asphalt grade. However, the strains for the cores were 

approximately 5 times those for the mix design mixtures. This diffeirence is also most likely 

due to the difference in air voids. 

Permanent Deformation 

The creep compliance for the behind-the-paver mixtures were all consistently higher 

than for the corresponding mix design materials (Figure 13.8). While there were limited 

differences in creep cornpliance between the niix design 1120/150 pen and A@20 asphalt 

mixtures, there was a signrficant difference d w  to the asphalt grades in the behind-rhe-paver 

creep compliances ~ Note that all of the 120/150 pen asphalt behind-the-paver mixtures failed 

before 60 minutes of loading, while the AC 20 mixtures (survivedthe testing program. 
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Figure 8.6. (Continued:]Tensile Strength Ratios. 
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SBTMMARY 

Some general observations that can be made about the MdROAD mixtures are as 

follows: 

1 	 Temperature susceptibility, using resilient mlodulus testing (ASTM D4123) over a range of 

test temperatures, showed that mix design materials significantly under-predicted the 

moduli of the 120/150 pen asphalt mixtures when compared to the behind-the-paver 

materials. However, the higher viscosity AC 20 mix design moduli were generally similar 

to those obtained for behind-the-paver materials. This suggests that the lower viscosity 

asphalt may be more susceptible to aging (it;. ,  an increase in moduli) during piroduction 

than the higher viscosity asphalt. 

2 ~ 	 Resilienl moduli values for mix design materials significantly under-predicted the cold 

temperature moduli for the cores from the 1;!0/150 pen asphalt 10-Year Mainliine test cells 

and over-predicted the warm temperature iinoduli. However, it should be noted that wet 

cores were sealed in plastic containers immediately after coring and then placed in cold 

storage until testing. This resulted in unplanned moisture conditioning of the cores and 

may be a significant factor in these compairisons. 

3. 	Asphalt cement content did not have a significant influence on either lemperature 

susceptibility or the: magnitude of resilient moduli fox a given asphalt grade. 

4. 	Gyratory compaction of materials producelcl mixtures with similar moduli values at a given 

test temperature for both the 120/150 pen ,ssphalt and the AC 20. There was also no 

significant difference between mix design ,and behind-the-paver materials. 

5 .  	The tensile strength of mixtures prepared wii1.h the AC 20 asphalt were approximately 20 

percent greater than those prepared with the 120/150 pen asphalt. The tensile strengths of 

the behind-the-paver materials were either siimilar to or greater than the tensile strengths 
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for mix design materials ~ 

6. 	There was no clear trend between tensile strength ratios for mix design and behind-the-­

paver materials. 

7. 	Low temperature [ 1°C (34"F)I tensile strengths at slow rates of deformation (0.C125 

mm/min) were similar for the mix design ant1 behind-the-paver materials. The tensile 

strength of the cores was approximately half of those for elitherthe mix design or behind-

the-paver materials. The horizontal strains for cores were about 5 times greater than those 

for either of the other two sources of materials. The most likely reason for this difference 

is a difference in air voids between the sample sets (approximately 4 percent for mix design 

and behind-the-paver, and between 6 and 8 percent for cores). 

8. 	The creep compliance determined from unconfined static creep testing at 29C ('77°F) was 

similar for both the 120/150 pen and AC 2Il3 mix design mixtures. However, there was a 

significant difference in the compliance for. the behind-the-paver materials with ihe 120/1510 

pen asphalt mixtures showing a much greater compliance ( j  .e, failed) than the AC 20 

mixtures. 
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Appendix A 


Theoretical Discussion of Diametral Calmpression 
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Theory of Diametral Tension Test 

Most research samples, except the creep samples, were tested using the indirect tension 

apparatus. The theory of indirect tension tesit done on a Marshall sample is based on elastic 

Theory. The stresses a, and ay along the X and Y axes for the loading configuration shovvn 

in Figure A-1 were derived by Hondros (20 11. According to Hondros' solution: 

( l - - - - ) s i ia  1+-Y2Y 2  
2 P  R:! R2-~ U,(O,Y> = 4 

-. -(- m a )  
y2xat  (1-2-a3~2,a +Y) 1--Y2 

L R2 R4 R2 

Y 2(1--;)sh2a 1+-Y2 
an(0,y) = 2 P  R, 

+ m- R2 
-a)

Zal Y2(1-2---ol&!a +-)Y 4  1--Y2 
R2 R4 R2 

XZ 
2 Pi (1----)Siia 1--X2 (A-1)

R:l! R2 -. atan(----;-taua) 
1+-

X L  

R2 

x:!(1 ---)sh2a 1-- X2 

2 P  R:' 
a

YY
(&O) = + atan(-

X2xal (1+2-o10&!a +-)x4 1+-X2 
R2 R4 R2 

A-,1 
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Where: 

P = Applied load, kN (psi) 

a = Width of the loading strip, mm (in) 

t = Thickness of the sample, mm (in) 

R = Radius of the sample, mm (in) 

2a =I Angle as shown in Figure A-I., radians 

Since a = 2R sina, Equation(A-1) can be rewritten as: 

2 2
1+w 

P 1 (l.-+l2a R2R ­
_I_­(J,(O,Y) = 

11' 2 
Y 4  

2 m a )
YTRt Sjina 

(1 -2 ---nm2a +-) 
- - aim(--

1-Y-
EL2 R4 R2 

2 
(1 -J-)sin;!a

P 1 �t2~- Ia,(O,y) = 
'I* Y4xR.t sina (1 -2~--cos2a +--) 
122 R' 

x2  1 X 2  (A-2)(1-----)sin2a 
R2 

U,(&O) = 
P 1 R - amn(---tancr)

xRt sina IIL x4(1+2--~,m2a+-)  1 +--.X 2  

EL2 R4 R2 

x 2  1 X 2(1 ---)sin2a 
]R2 

u 
YY 

(&O) = 
P 1 

.< 
R2 

x 4  
- +atan(---tana)

xRt sma 2 x2(1 +2.1-cos2a +---) 1+--" 
R2 R4 ]R2 
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Define the dimensionless stress components its 

U(,I = -
P
-

XRt  

Equation (A-2) becomes 

7 )
( 1  -J-,-)sin2a 

I 1 R “1
u,(O,y) = - 2 

-
&a Y4(1-2~-olos2ar+--> 

R2 R‘ 

(1-- : ) d aY:‘ 

I 1 R

q O , Y )  = ­
sma 

( 1  -2--cm2a +-)Y4Y2 

RZ R4 


(1-$;)sin2a 
I 1 R n* -a&O) = 

sina x2 x4.(1+2--oaJs2a+--)
It2 R4 

I!( 1---)sin2 a 
I 1 R 2

a&0) = ­
sma x2(1+2--clos2a +-)x4 

i R2 R4 


(A,-3) 

1+-Y2 
R2- atan(- m a >  

1 --	Y2 
RZ 

2 
1 +Y 

+ am(- R2tana) 
1 --	Y2 
R2 

1 --X2 (A-2a) 
It2- atan(- -a) 

1 +-	
X2 

It2 

1--	x2  
R2 

+ atan(- m a )  
1 +-

x2 

R2 

Figures A-2 and A-3 show the corresponding stress distribution. At the center af the specimen, 

where x = y = 0.0, the stresses along the horizontal anti vertical axes are: 

I sin2a-au,(O,O) = ~-
Sins: 

(44-4) 
I sin2a+a

u,(O,C:I) = 
sin* 



Both plane stress and plane strain loatlirxg conditions can be considered from this set of 

solution and some useful guidelines can be obtained from such analysis. 

P 

I 

Figure A-1. Loading Configurratiion of Indirect Tension Test (20) 
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Figure A-2. Stres!; Distribution Along The Horizontal Axis 
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Figure A-3. Stress Distribilulion Aloing The Vertical Axis 
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Plane Stress Conditions 

Assuming plane stress condition, let E be the Young’s modulus and u be the Poisson’s 

ratio. According to Hooke’s law: 

1E, - --[(T/UUn] 

13 

(A-5) 


En = --[tr -uaJI1 
I! YY 

There are two ways to determine E and u from a laboratory experiment. We can measure the 

strain components at any point inside the domain where the corresponding stress components can 

be calculated using equation (A-2a) and then solve for E and u from equation (A-5). Or we can 

measure the tootall change in length across the X and Y a e s  which are the integration of (A-5) 

and than solve for E and er. The latter is experimentally easie:r to achieve and the :E and u thus 

determined are average properties of a block: of material. For asphalt concrete, the material 

properties are not uniform on a point to point basis due to the (differencesbetween the aggregate 

and mortar, but are uniform on a block to Mock basis. So the second approach is used fior 

asphalt concrete. Let the total change in diameter across the horizontal axis is AU and the told 

change in diameter across the vertical axis is AV, then 



Define 

The values of I, to I4 are calculated using numerical integration and are listed in Table A-1. 

Table A-1. Results of Numerical Integratiolns (times 2P/&). 

Solving the equations in (A-6) for u,  we ham 

(A-8) 

from (A-5) 

(A-9a) 

or 

(A-9b) 

and the tensile strain at the center of the specimen is 

A-8 



Substituting the values of 1, to I4 into equations (A-S), (A-9a), and (A-lo), we lm 

arrive at the expressions for E , u and e, (0, 0). However, by observing Table A-1 one cm 

notice that I, and I2 vary with the a/D ratio, brut I, and I4 are virtually independtat of the a/D 

ratio. So the expressions for E, u, and E ,  (0, 0) will depend on a/D. In the current ASIW 

standard ( A S W  D4123), equation (A-9a) jis used for calculating the resilient ~nodulus,and 

equation (A-10) is used for calculating the teiiisjle strain. The dimensionless value:; of the stress 

components at the center of the specimen car11be calculated according to equation (A-4) and the 

results are listed in Table A-2 

Table A-2.Dimensionless Stress V;ilues at the Center of the Spechaen 

It can be seen that (T’, (0,O) and rPYy(0,O) dlo mot depend on the a/D ratio. Substitute the 

values of I,, 14, dn (O,O), and dYy(0,O) into equations (A-’9a)and (A-10) result ir! 
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E = -_ P(i0.2727+u) (A-lla:)
AU t 

E,(O,O) .= 
AU 0.99708+2.99792~ (A-1 lb:,
ID 0.42837+157078~ 

The expression for u as a function of a/D is siunmarized in Table A-3. The variation of v as a 

function of a/D at different values of AV/AU is plotted in Figure A-4. It has been re:ported th,at 

Poisson's ratio determinedl in this manner are usually unreasonable. The current practice is to 

assume a value of u for each specimen, it is c1;dnned that the resilient modulus E anti the tensilie 

strain E ,  (0, 0) are relatively insensitive to the variation of V .  Figures A-5 and A-6 show the 

variations of E and E ,  (0, 0) with respect to u. 

Assuming a ma ted  parameter before the test makes the test result more subjective and 

thus less reliable. This problem can be resolved by changing the integration range:. The noxi­

unique expression for u is due to the fact that it involves the terms XI and I, which are vexy 

sensitive to the a/D ratio. From Figures A-2 and A-3 it can be seen that stresses along thie 

horizontal axis do not depend on the dD ratio, but stresses along the vertical %xis do. This IS 

why I, and I?vary with a/D, but 1, and I4 do niot. However, stress deviations along the vertic;tl 

axis happen only near the loaded boundary. Siufi'lciently far away from the loaded area, stress 

distributions along the vertical axis are indepenident of a/B. Therefore, instead of measuring thLe 

total change in diameter across the vertical diameter, the longitudinal deformatiori across the 

center part of the specimen can be measured where the stress distributions are independent of 

the a/D ratio. This way the stress concentration problem can be avoided and the stress 

integrations along the vertical axis are independent of a/D, thus arriving at an unique: expression 



for U. The rnumerical integrations along the center part of the specimen are rec;llculated and 

listed in Table A-4. 

Table A-3. Expression for Poissoni’s Ratio, w = ( It - I3 f i  ) / ( I, - I, f i  ) 
- -

u 

- -
-5.63559 - 0.42395$ 
-0.09866 + 1.570788 

- _. 

-6.41819-0.42688p 
-0.06796+ 1570788 

I 

-7.41550 - 0.42837p 
-0.03939 + P.57078$ 

- -
-10.60415 - 0.429178 
--0.00797+ 1.57078$-

-
-13.81679 - 0.429208 
-0.00201 + 1.570788-

--
where /3 = AV /AU 
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Figure A-4. Poissonil's Ratio Versus AV/AU 

Figure A-5. Young's Mo'duilus Versus Poisson's Ratio 
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Figure A-6. Tensile Straiin Versus Poisson’s Ratio-
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Table A-4. Numerical Integrals Along Part of the Axes 
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-- - 

where 


(A-12) 


It can be seen that within the range of [-0.5R, 0.5R], all the integrals are virtually 

independent of the a/D ratio. Let AV' be the total deformation along the vertical axis within 

the range of -0.X 5 y 5:OSR, AU be the total deformation across the horizontal axis, then 

the expression for Poisson's ration becomes: 

c-5- ' --1.459449-0.42837--AV' 
' o =  A l l  - --. A U (A-13)

AVJ"' i0.4.9725+157078---
I!\ U 

The above expressions do not depend on the a,/C; ratio, and the relationship between Poisson's 

ratio and AV'! AU is plotted in Figure A-7. It should be: pointed out that we can also measuire 

the longitudinal deformatisn at any other range within wlhich stress distributions do not depend 

on the a/D ratio, it can be along either the horimntal or the verticd axis.. 



Plane Strain Conditions 

Again, according to Hooke’s law 

1 
= -[u,--u(uw+uJ]E 


1=-[uw-~u(u,+aJ
E 


1=-[u,-u(tJ,+uw)]E 


ex 

E n  


E, 

eliminate cr, , 

(A-141) 


= 0 

1.=-[a,-uu
E, 
E 

W -u?(ux+un)l 

(A-15) 
1 
E W  

-uu:,,-u’(u,+u,,)lED :=-[a 

again by definition, 


(A-16;) 

from (A-16) 

i i i i  A V  (A-17’)
Iz-uI;--u?(Il+12)=: [l~,-u14-u2(13+zJ.-AU 

rearrange 


(A-18) 


A- :16 




define 


(A-19) 

c = (12-13-.-)I , AV 
AU 


equation (A-18) becomes 

au2 + IW + c = o (A-201) 

solve for u 

(A-21) 

If the values of I,’ ~ 12’ 13,and I4are substituted into (A-21) (remember AV / AIJ < 0) ,  it can 

be shown that a > 0,  b < 0, and c < 0. S o  for the Pois,son’s ratio to be mamingful, we 

should take the positive root. 

(A-22) 

from ( A-16), 

(A-23) 
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In summary, for a plane stress condition: 


r AV1 2 - 4 z  
lJ = -__.-

II -. 1.-AV 
I 4AU 

E = --(&-.. (A-24)1 
AU lJw 

qo,o> = ~-[u,(o,O)-uu,(O,o)]1 

E 

and for a plane strain condition: 

(A-25) 

where 


2Pa,(O,g)) = -
X D t  

(A-26) 
a,(O,O) = 3--2P 

xm 

A-18 




I,/= 0.49725-	2P 
xt  

12/ = -1.69449-	2P 
xt 

4 = 0.42837-	2P 
xt 

I4 = -1.57078-	2P 
art 

a = &+IJ---&+J,JAV 
AU 

(A-28) 


The u - AV/AU and E - AV/AU relationships for both plane stress and plane strain 

conditions axe plotted in Figures A-8 and A 4 .  It can be seen that the Poisson's ratios are 

virtually identical for plane stress and plane strain conditions. The difference in Young's 

moduli start to show up when AV /AU > -2.5. 

The following conclusions can be drawn from this analysis: 

A- 19 



1. Hondros’ solution is suitable for diimletral tension test. 


2. Unified expressions for E, ct(0,O), and u can be derived if properly selected 

3. 

4. 


measurements are obtained within a certain range along the horizontal or vertical ;=is. 

The feasibility of designing a device that will allow the installation of either a sitrain 


gauge or a extensometer across thlic center part of the specimen to make the above 


measurement has been explored by researchers at Penn State University for the 


Strategic Highway Research Program ( S H R P )  (21). While there were some problems 


with matching signal conditioning ~ i t hthe sub-miniature LVDTs used, the last report 


from the researchers indicate these piroblerns have been solved. Some form of this 


concept should be pursued in furtheir research programs. 


This proposed modification to the test method does not require an assumed vahe o f  u. 


Poisson’s ratio, resilient modulus, and tensile strain can all be determined 


experimentally. The accuracy of experiment can be greatly improved. 


Due to time limitations for this pro;i;fitm, equipment modificatmns were not possible. 


Therefore, the ASTM D4123 standard testing protocol (16) was used to determine the resilient 

modulus. The Poisson’s ratio were assumed to be 0.2 for temperatures -18°C (0%) and 1°C (34 

O F ) ,  0.35 for 25°C (77 (P),and 0.5 for 40°C.(104OF). 
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Appcimdix B 


Determination of Maximum Specific Gravity for Cores 






INTRODUCTION 

Cores were obtained fronl the Mn/ROAD 5 - y ~Mainline test sections during the: fall of 1993. 

These cores were used for a range of rescxuch programs that included investigations Qf 

temperature susceptibility, moisture senshiwty, low temperature behavior, arid permanent 

deformation characteristics. One of the most importarit mixture property that wils expected to 

influence results from any of these research prograxris is the air void content of the cores. 

Therefore, every effort was made to insure arb accurate measurement of the in-pliace voids. 

Initial air void determinations for each of the four test sections located jn the 5 Y~ear 

Mainline facility appeared to be lower than anticipated. In order to confirm the results a second 

set of cores was obtained and tested by the hhnesota Department of Transportation (Mn/DCbT) 

laboratory. The Mn/DOT results showed consistently higher air voids than those reported by 

the University of Minnesota laboratory. An (:valuation of Ihe sampling and tesbmg programs 

indicated that the differences could be the re:suHt of real material differences due tci the different 

sampling locations, variations in the maximum specific gimvity test methods used by each 

laboratory, and/or sample preparation, A limited investigation was conductedl by the Universlity 

of Minnesota to investigate these potentiid sources for the inter-laboratory differences in 

reported air voids. 

BACKGROUND 

Many test methods have been developed fox' determining mimimum specific gravity of paving 

mixtures. The most commonly cited methods are the American Society for Testing and 

Materials (ASTM) D2041 and the American Association of State Highway and Transportation 

Officials (AASHTO)T209 (2,3). Individual state agencies also commonly develop their own 

version(s) (Mn/DOT 1807 (draft)) that addriess specific concerns of each agency (4). 

In general, all test methods prescribe placing a known mass of oven dried loose mixture 

in a tared vacuum vessel such as an inverted be11jar or pycnometer. The sample is then covered 

with a sufficient quantity of water to submeqe the sample arid a vacuum of less than 30 mm of 



mercury absolute pressure is applied for a specified time. During the time the sample is being 

subjected to a vacuum, it can be agitated either continuously with a mechar l id  shakc:r or 

intermittently by hand, At the end of this procedure, the vacuum is gradually released and the 

volume determined by either immersing the container and sample in a water bath for 10 +1 

minutes and weighing under water or by Edling the container to a known level with water and 

weighing in air after 10 +1 minutes. Temperature cormtions are made for the volume of water 

if the test temperature differs from the presc:ril>ed temperature. Variations between test metlhods 

are summarized in Table 1, 

Table 1. Comparison of Variations in Selected T& Methods for Determining Maxinium 
Specific Gravity 

Continuously (mechanical) Continuouslly (mtzhanical)
Intenmittently 

2 ? y  hand every 2 minutes) 

0.01 96 Concentration 
Aerosol OT -, 

25°C 2 0 . 5  (774: 2 0.9) 
Temperature
R uirernent 

Yes 

Continuously ( m e c h c a l )  

-. 
0.08 96 Concentration 

Aerosol OT' -, 

25°C.~ 
1 (77°F 2 1  ,8) 

YeS 

1: Idonnation obtained from MnDOT laboratory in Maplewood but not specified in draft. 

When cores are used to determine the theoretical maxi,mum specific gravity, an additional 

source of potential variation i s  added. Some laboratories (choose to crumble the entire core, 

which includes the cut aggregate faces, to obtain a loose mixture. Other laboratories remove 
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the cut faces and then crumble the remaining mixture to obtain the loose mixture sample. 

Including the cut aggregate faces allows folr water absorption by the aggregate during tesiting 

which can lead to higher theoretical maximum specific gravities. All of the test mlethods include 

a supplemental procedure for testing mixtures with partially coated aggregates !which should, 

theoretically, be followed if cut faces are incliided. However, in practice this pnxedure is not 

commonly used due to length of test time required to obtain results and the increased testing 

variability associated with the supplemental procedures. 

All of the supplemental procedures require the water 1.0 be decanted after the under-waiter 

mass is determined. The mixture is then spread on a non-alxorptive surface arid air-dried to a 

constant weight. Problems with this procedure include the length of time to get a (constantmass 

(usually from 2 to 3.5 hours), and the continual technician attention required to make sure the 

mixture dries evenly. Both of these factors lead to an increase in the standard deviation for the 

test method -
Hypothetically, the water absorption problem canalso be accentuated by the size of the 

core used for preparing the loose mixture, The propoirtion (ofcut faces in any given sample is 

a function of the height and diameter of the core used to priepare the sample: 

(1 - (Percent Binder + Percent Voids)) ( Su&ce Area of Core)- -
A, - Mi& of sample 

or 

M 


Where: 

A,, = Surface area of cut aggregate faces per gram of mixture 

V, = Estimated air voids, expressed in decimal form 

V,, = Estimated binder content, exlmssed in decimal form 

r = Radius of sample, mm 

h = Height of' sample, mm 

M = Mass of dry sample, grams 
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For example, if a 4 inch (lo0mm) diameter by 2.5 inch (60 mm) high sample has a mass of 

1,OOO grams, a reported binder content (from construction records) of 5.8 percent, and an 

assumed air void content of 6 percent, A,,, is 31.17 mm2/g. If the Same sample is cut in half, 

A,, increases to 45.34mm2/g of mixture tested. When the core height decreases, the mass 
decreases proportionally; the radius, however, remains constant. As the surface area of cut 
faces per gram of mixture tested increases, the influence of water absorption by the aggregate 

on the theoretical maximum specific gravity s,hould also increase. 

RESEARCH PROGRAM 

Initially, a total of 12 cores were obtained from the center of each of the four asphalt concrete 

Mn/ROAD 5-YearMainline test sections diiring the sensor placement activities. These cores 

were tested by the University of Minnesota, The bulk specific gravities were determined 

according to ASTM D2726. The theoretical maximurn specific gravities were detmnined using 

ASTM D2041; all aggregates with cut faces were removed. 

Additional cores taketa from the coring areasof each of the four MdROAD sections were 

tested at the Mn/DOT laboratory in Maplewood, Minnesota. The bulk specific gravity testing 

used by Mn/DOT is similar to ASTM I32726 with the only exception being that the sample time 

in the water bath is 3 to 5 minutes for the Mn/DOT method and it is 1 to 3 minutes for AS’IM 

D2726. The theoretical maximum specific gravity was conducted according to !he procediure 

outlined in the background section; cut faces were included in the sample tested. These results 

were used t~ compare results for the different methods of sample preparation and testing. 

A second small study was conducted at the University to determine the Muence  of cut 

faces on test results. The cores used for this study were taken from the test pad constructmn 

at Mn/ROAD for establishing the rolling pattcm for the full depth pavement section; this mixture 

was the same design as that used for sectiori Fl (75 bKow mix design) in the 5 Year Mainline 

section. A total of 30 cores were taken; the top lift was removed and used for another tesomg 

program. The remaining base lifts were used to determine both the bulk arid theoretical 

maximum specific gravities per ASTM. 



ANALYSIS 

Cores from W R O A D  5-Year Main Line 

Table 2 shows the bulk and theoretical maximi.im specific gravity as well as the air voids results 

from the Mn/ROAD 5-YearMainline cores far both the University and Mn/DOT' laboratories. 

Table 2. Comparison of Averarge Specific Graivity Results Betweeio 
U of M aud Mn/DOT. 

Figure 1 shows that the bulk specific ;iy-iivityresults for both laboratories were randomly 

distributed around the nine of equality. This randomness indicates that there was no bias 

between the two sets of data. Figure 2 shows the difference in test results between the two 

laboratories, Using the precision statemenit included in A , S T M  D2726 for establishing the 
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acceptable range of two test results (0.076 for between-labomories), the between-laboratory test 

results were well within this limit. In fact, dl but one set of test results showed difference:s of 

less than 0.030. 

Bulk S imific Gravrty
Mn/RQAD dms 5 Year Main Line 

Figure 1. Comparison of Bulk Specific Gravity &tween-Laboratories ]Results. 

Figure 2, Differences in Between-Laboratory Test Results for Bulk S7ecific Gravity. 
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Figure 3 compares the theoretical lmaximum specific gravities for both laboratories. 

Unlike the bulk specific gravity comparison, !his comparison shows a distinct bbu in the daa. 

The Mn/DOT results we= consistently slightly higher than the University of Minnesota results 

in all but two cases . It is probable that thlis bias was the result of both the difkrences in the 

test methods used to determine the maximam specific gravities and whether or not the sarriple 

included the cut faces. This hypothesis udll be disc:usseul further in the following section. 

Figure 3 also shows that the results for the lifts in the F2 section tended to be separated from 

the other results. An examination of the test reports yielded no obvious explanations for the 

substantial difference in these data such as different operators;, or equipment problcms. Bo&iuse 

the outliers were all from different lifts of the: same scxtion, the data could not be reasonably 

eliminated from the data base as random outliers. 

Theoretical Maximum S p R  .Grqvity
Mn/ROAD Cores fi earMain L.ine 

Figure 3. Comparison of Theoretical Mhximum Specific Gravity 
Between-Laboratory IResults. 
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Figure 4 presents the difference in the between-laboratory test results; this figure re-

emphasizes the bias in the data. Using the AS'TM D2m1 criteria for the acceptable range of two 

between-laboratory test results (0.019), four of the results were greater than this limit. Three 

of these results belonged to the lifts for thr: 1 2  section. This indicates that with the exception 

of this section, the majority of results met'the ASTM precision statement requirements. 

Theoretical Maximum Specific Gravrty 
MnlROAD Cares 5 Yaiv W n  Line 

Figure 4. Differences in BetwemZaboratory 'I'heoretical 
Specific Gravity Results. 

Figure 5 shows the determination of air voids follows a trend similar to that Seen for the 

theoretical maximum specific gravity (Figure 3). Uskg the precision statement from AS'TIM 

D3203 that indicates an acceptable between-latmratory range is 3.08 percent voids, none of the 

results were considered statistically different. 



1,ir Voids 
Mn/ROA& Cores 5 Year Main Line 

Air Voids d C-. 96 &Id M) 

Figure 5. Comparison of Air Voids Between-Laboratory Results. 

AS$M D3203 also presents an equation for calculating the standard deviation for air 

voids rather than using the pre-calculated precision statement values. l X s  equation far 

calculating the standard deviation of air voids is: 

= +-­yzu; + x2u; 

Y4 

Where: 

cr, = Standard deviation for determiinhg bulk specific gravity 

ay = Standard deviation for determiinirig theoretical maximum specific gravity 

y =: Mean theoretical maximum speicific gravity 

x =: Mean bulk specific gravity 
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Using the data in Table 2, an average standard deviation and mean for bulk specific gravity of 

0.017 and 2.286, respectively, were obtairiwl. The Mn/DOT data standard deviation and mean 

for the theoretical maximum specific gravity were 0.010 and 2.456, respectively. B a w d  on 
these statistics, the standard deviation for air voids should be 0.008 percent voids expressed in 

decimal form, or 0.8 percent air voids (Lc., 0.008 x 100). The acceptable mige of two test 

results would then be 2.2 percent voids (staridiud devia.tiontimes 2 fiper ASTM C670). While 

this is a substantially narrower range than rqwrted in ASTPYI, only two sets of test results would 

exceeded this range (Figure 6), and both of these were from the F2 section. 

Figure 6. Differences in Bet wen-Laboratory Air Void Results. 
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WROAH) Test Pad Cores 

Table 3 shows the results from the within-laboratory testing of the cores from the Mn/ROAD 

test pad. Samples were prepared by crumbiling the bottom two lifts together without cutting the 

individual lifts apart. For the samples with the cut faces removed, two cores were usedl to 

obtain one sample of loose mixture. Only cllaes core was needed to produce a sufficient amount 

of loose mixture for testing when the cut faces were left h the mixture. 

Table 3. Results for Within-Laboraitory Testing. 

1: One outlier removed from each data base. Criteria was 3-2 standard deviations 

A t-test was used to answer the question: DOCSincluding the cut faces in the sample 

significantly increase the theoretical maximiuni specific gravity results? The t-test value was 

calculated as: 



Where: 

X, = mean of first sample set 

X, = mean of second sample set 

sI2 = standard deviation of first sample set 

k2 = standard deviation of second sample set 

n, = number of samples in first sample set 

n, = number of samples in second sample set 

To find the critical t-test value, the degree of'freedom, v, also needed to be calculated: 

Using these equations, t equals 2.808 for 17 degrees of freedom. The criticall t-test value for 

a one-tailed test is 1.740 (5). Since the calciilated t value is greater than the critical t value, 

including the cut faces in the sarriple significantly inc~reasedthe theoretical maximum specific 

gravity. 

The surface area of cut faces per ;grim of mixture tested for these samples ranged 

between 37.19 mm2/g and 36.37 rnm2/g for assumptions of 4 and 6 percent a h  voids, 

respectively for average sample dimensions of 5.5 inches (160mm) talland 1,600 grams. 'fie 

cut surface area per gram would have been i n c r d  to between 54.90 and 53.69 m d / g  

(assumed 4 and 6 percent voids, respectively) if the cores had been cut into three equal sized 

individual lifts prior to testing. While there were not a sufficient number of samples to confim 

this hypothesis, the significant increase in test results with the lower cut aggregate surface area 

is sufficient to recommend removing all cut faces prior to besting. 
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Adjustment of Theoretical Maximum Sp~eciificGravity for Cut Faces 

The inclusion of cut faces in the mixture increased the theoretical maximum specific gravity by 

an average of 0.017. Figure 7 shows the dlifference between the University of Minnesota and 

Mn/DOT data (Table 2) after the Universiity theoretical niaximum specific gravity data was 

increased by 0.017. 

._ ......... .....+ 0.04 

Figure 7. Comparison of Between-La1)onratory After Data Adjusted for Cut-Faces. 

Figure 7 shows that the difference bletween the University of Minnesota ;md Mn/DOT 

air voids is now less than 1.5 percent voids far all lifts in a l l  sections. This is well within the 

acceptable range of test results. This figure also shows that the differences in the adjusted 

theoretical maximum specific gravity are now reasonably well distributed; the pn:vious bias in 

the test results was removed by adjusting the data for diFferences caused by including cut 

aggregate faces in the mixture. A total of six sets of data are now outside of the acceptable 

range of two between-laboratory test results; lhree of these belong to the F2 section. Several 
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reasons for this include differences in test methods (ASTM D2041 versus Pdn/DOT 1807 

(draft)), real material differences due to the different sampling locations, and a potentidy 

greater testing variability<associatedwith tc:sthg cores as opposed to fresh laboratory-prepared 

loose mix, The last reason is the most prol)able as the within-laboratory standard deviation for 

the theoretical maximum specific gravity using cores was an average of 0.011 (Table 3). This 

standard deviation would increase the acceptable range of two test results to 0.031 for within-

laboratory testing; this would be expected to increase further for between-laboratory 

comparisons. Using this limit all but the I72 maximum specific gravities would be within 

acceptable limits. 

Although it was possible to apply an ad<justmentto correct the differences i n  test methiods 

for the Mn/ROAD cores, one does not usually have the luxury of comparative data. It should 

be kept in mind that these results represent one fairly consistent gradation and Ibe absorption 

characteristics of one aggregate source. Differing amounts of damage to core faces during 

extraction or handling and differing aggregate absorption characteristics will have vahious effects 

at other construction sites. 

CONCLUSIONS AND REC0MMENDA”ILTONS 

1. When determining the theoretical maximum specific gravity of a mixture firom cores, all 
cut faces should be removed from the ample prior to testing. Leaving the cut faces in 

the mixture can significantly increase:the maximum specific gravity. This increase will 

result in increased in air voids. 

2. 	 The large difference in the test results for section F2 appears to be unusual when the 

results for the other sections are clonsidered. This s e c ~ o nwill be retested by the 

University if a sufficient number of cores can ble salvaged from other testing programs. 
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