
SPINE = 1/4"15296 NCHRP rpt 444 NCHRP Green

TRANSPORTATION RESEARCH BOARD

N
a
tio

n
a
l R

e
s
e

a
rc

h
 C

o
u
n
c
il

2
10

1 C
o

n
s
titu

tio
n
 A

v
e

n
u
e

, N
.W

.

W
a
s
h
in

g
to

n
, D

.C
. 2

0
4

18

A
D

D
R

ESS CO
R

R
ECTIO

N
 R

EQ
UESTED

TRB
N

CH
R

P
R

eport 444
Com

patibility of a Test for M
oisture-Induced Dam

age w
ith Superpave Volum

etric M
ix Design

NCHRP 
REPORT 444 

NATIONAL 
COOPERATIVE 
HIGHWAY 
RESEARCH 
PROGRAM 

Compatibility of a Test for 
Moisture-Induced Damage with 

Superpave Volumetric Mix Design 

TRANSPORTATION RESEARCH BOARD  NATIONAL RESEARCH COUNCIL 



TRANSPORTATION RESEARCH BOARD EXECUTIVE COMMITTEE 2000 

OFFICERS 

t:hair: Martin Wachs, Director, Institute ofTransportation Studies, Uniw!rsiry of" Col{fOrnia at Berkeley 

Vice Chair: John M. Samul'!~·, Stmior Vin• Prt!sident-LJperations Planning & Support . l•./orfolk Sou.Jhern Corporntion. Norfolk. VA 

Executive Director: Rohert E Skinner, Jr.. Transport(Jlion Res1•arch Roard 

MEMBERS 

THOMAS F. BARRY. JR .. Secrdllry u/Tmmpurlllliun, Florida DOT 

JACK E. l:HJFHNGTO\r. Associart! Direcwr mul Rt'semd1 Pn!fe.rsor. Mack-Blacht.'tdl Natinnal Rurtll Transpo,-Jalion Study Center, University of/\rkansas 

SARAH C. CAMPBELL. President. TransManaiemenr, Inc.. Washington, DC 

ANJ\'E I'. CA:"/B Y, Secrerarv of Transpor1a1ion, Delaware DOT 
E. OEAN CARI.SOJ,; , !frcraary r~(Tmnspmtation. Kansas noT 
JOANNE F. CASEY, Presidt'nl. lnternwdal Association lf.North America 

JOHN L CRi\JG, Director. Nebraska Deparrmcnt of Roads 

ROBERT A. FROSCH. Senior Research Fellow. John F. Kennedy School ofCnvnnment, Hmwml University 
GORMAl\' Gil.HERT. Director. Institute for Transportation Research and Education , North Carolina Stmc Univcrsiry 

GENEVIEVE GIULIANO. Pn.~f'c.ssor, School td' Policy, Planning, mu/ Development, Unii·ersity of Southern Co/{1(1,·nia. Los Angeles 

LESTER A. HOEL, L.A. Lacy Distinguished f'rojeuor, Depar/ment ofCivil Tcnxinuring, Unh·ersirv ofVirginia 

H. THOMAS KOR>IEGA Y. Exec,,rive Director. Po,-, o/'Hous/011 Aurhorirv 

THOl\.-1AS ti . LARWIN, (il'nenil Afanagt!r, San Dili~o Metropolitan Transit Devdopment Board 

BRADLEY L. MALLORY, Secretan· o/Tmnsporlillirm, Permsvlvania DOT 

JEf.FREY H.. ~lOH.ELANU. Senior \lice Prcsiden/.LJt H-' and Chfr.:{t~{.'•iwft; Rurlin~ton Northern Sanra Fe Corpormion, Forl Worfh, }X 

SID MORRISON, Sl-'tretary nfTrm1~pnnotio11, Wn~·hington Suzte DOT 

JOH'.\I P. P00R\1Al\, Stu_if Director . Cu.pilaf Di.,trict Trllnsporfu.tion Committee, Afhany, l\/Y 

WAYNE SHACKELFORD. Senior VP, Greshmn Smirh & f'arrner.,, Alpharetta, GA 
MICHAELS. TO\\i'.\iES, Eu-cutive /Jirecwr, Transportation Distiict Commission (~f'Hampron Roads. Hampton. VA 

THOMAS R. \VARNf'. l'xecuti,,e Director. Utah DOT 

ARNOLD P. WELLMAN, JR,, Vic,• Presidenr. Ci1rporate Public Afjl1irs. Unired f'arcl'i Serl'ice, Washin~ton, DC 

JAMES A. WILDING. Presiden! and CEO, Metropoiilan Washini?fon Airports Authority 
M. GORDON W'()LMAN, Prt~ft!ssor of Geography anti f .,'nvironmenlu.f Engineerin~, The Johns Hopkins Unii:ersiry 

DAVID N. WORMLEY, Demi of"Eni;ineering, Pennsvlrn11ia State Unh-ersit), 

MIKE ACOTT. Presfrlenl, N(ltional Av1lrn/1 PaFenienl Asiociatiun (ex officio) 

SUE BAIT .EY, National Hi/;/nrnv Traffic Saffty Administrator, U.SDUT (ex onicio) 

KELLEYS. COYNER, Research um/ Special Programs Adminis/ra/or, US.DOT (ex officio) 
MORTI~fER L DOW>IEY. Deputy Secrerarr of"Transporrarion, U.S D0T (cx officio) 

J\ URLA I. FERNANDEZ, Acting Administrator, Pederal t rans,: Administration, U.S.DOJ' {ex officio) 

RUSSELL L. l'UIIRMA'i (Maj. (,en .. U.S. Army), Acting Commander. U.S. Army Cor11., 0JT11gilu-er.1 (ex officio) 

JAr\E F_ GARVt--:Y. Federal Aviation Administrator, l!.SJJOT (ex officin) 

JOHN GRA YKOWSK!. ,1cting J\dministraror. Maritime l,dminisrrarion, US.DOT (ex officio) 

ED\V.'\R.D R. I IA\1HERGEl{. J>residtmf and Cl::X), Associat,-on ofAmerican Ruifrouds (ex: offici o) 

CLYDE J. llART. JR .. Acting Deputy Administraror, Federal Moror Carrier Sa/etv Administration, US.DOT (ex officio) 

J()Hl\. C. I !ORS LEY. Erecmiw_• Director. American A_1;sociation (~{Stafl_• Hi~hway and Transportation q[ficia l.fi (ex officio) 

JAMES M. LOY (Adm., U.S. Coast Guard). Comm<1r1da11t, U.S. Coas1 Guard (ex officio) 

WILLIAM W. \-111 .LAR, Presidenr, American Puh/ic Transportation Association (ex officio) 

JOLENE .\1. \10UTORJS, Federal Kai/mail Administrator, U.S.DOT(ex officio) 

MARGO OGF. nirertor, 0./Jfrt• olTranspon,1tirm and /\ir Qualily. U.S. F.n1Jironm,:,nro/ Protecrion .,-\>(ency (ex officio) 

VALE'.I/Tl'.11 J. RTVA, Pres,denr and CEO, American Concrete Pa\'ement .1ssociarin,i (ex officio) 

AS lllSl l K. SE!\, f)irr.r ior, RurP.mi r~lTrnnsportation Statisrir:s. U.S.f)OT(cx c,tTicio} 

KENNETH R. WYKLE, Federal Highwlly Ailmi11i.,1m1or, US.DOT (ex officio) 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 
Transporlalion Research Board Executii'e Commillee Subcomm1Uee for l\/CHRP 

MARTU\ \VACHS. Institute rif" Transportation Studies. Unii'1Tsity (~/ Cal~fornia at JOH>i M. SA:-1UELS, Norfolk Southern Corporatum, No,_fi,lk. VA 

nakt'ley (Chair) WAYNE SHACKELFORD, Gresham Smith & Partners, Alpharetta, GA 
LESTER A. HOHi ,, Unil'enit,' of Virginia ROBERT E. SKINNER, JR., framfH!l'Jation Research Board 

JOH:'.'J' C. HORSLEY. A.merinm Associaliun <.fState HigJn-1-ay and Transportation KE>ii\'ETI IR. \\.'YKLE. Federal Hixh1-n1y Administrlllion 

Ojjicials 

Project Panel 9-13 Field ofA1ale riuls llnd Construction An'll ,,f Bitumirw u.\· M__aterUli,,: 

TIMOTHY ll. ASC:HEI\IJRE\JHR. Colorado DOT(C:hair) MAGI ISOUD TAHMORESSI, PaveTex t ngineermg and Testini. Inc., Au,ri11. TX 

JOHN BUKOWSKI, Fl!WA DEAN C. WEITZEL, Nevada uor 
RON COLLINS, l'u>'emenl Technology, Inc. Cuvinglon, GA KEYi:\ D. STUART, Fl!W/t Liaison Representmil•e 

KENT R. HANSEN, N,11ion.al Asphalt Pavement Association HALEEM A. TAHIR, AASHTO Liaison Keprew,tarive 

REBECCA S. McDANIEL, Purdue University l'REDERICK JIEJL. TRB Liai.w11 Representam·e 

LARRY L MICHAEL, Marv/and DOT 

Proxram Stuff 

ROBERT J. REILLY, Director, Cooperative Research Programs TTMOTHY G. HESS. Senior Prr,grum q[Jicer 

CRAWFORD F. JENCKS, Manager, NCHRP RONALD D. McCREADY. Senior Program Officer 

DAYID B. BEAL, Senior Pro11ram Officer CHARLES W. KIESSNER. Senior Pm!irwn Officer 

LLOYD R. CROWTHER, Senior Program Officer EILEEN P. DELA;,,/1:JY, Manaxinx Editor 

B. RAY DERR, Senior Pro,:ram Officer JAMIE PEAR, Associale Edilor 

AMIR N. HANNA, Senior Program Officer HILARY FREER, A.1·.wciate Editor 

EDWARD T. HARRIGAN, Senior Provam Officer ANDREA BRIERE, Assistant Editor 
CHRISTOPHER HEDGES, Senior Prol(ram Officer BETH HATCH, Editorial As.,istant 

http:N,11ion.al
http:VALE'.I/Tl'.11
http:q[ficial.fi


NAT IONAL  COOPERAT IVE  H IGHWAY RESEARCH PROGRAM 

NCHRP REPORT 444 

Compatibility of a Test for 
Moisture-Induced Damage with 

Superpave Volumetric Mix Design 

JON A. EPPS 

PETER E. SEBAALY 

JORGE PENARANDA 

MICHELE R. MAHER 

MARTIN B. MCCANN 

ADAM J. HAND 

Pavements and Materials Program 

Department of Civil Engineering 

University of Nevada 

Reno, NV 

SUBJECT AREAS 

Materials and Construction 

Research Sponsored by the American Association of State Highway and Transportation Officials 
in Cooperation with the Federal Highway Administration 

T R A N S P O RTAT I O N  R E S E A R C H  B OA R D  —  N AT I O N A L  R E S E A R C H  C O U N C I L  

NATIONAL ACADEMY PRESS 
WASHINGTON, D.C.  — 2000 



NATIONAL COOPERATIVE HIGHWAY RESEARCH 
PROGRAM 

Systematic, well-designed research provides the most effective 
approach to the solution of many problems facing highway 
administrators and engineers. Often, highway problems are of local 
interest and can best be studied by highway departments 
individually or in cooperation with their state universities and 
others. However, the accelerating growth of highway transportation 
develops increasingly complex problems of wide interest to 
highway authorities. These problems are best studied through a 
coordinated program of cooperative research. 

In recognition of these needs, the highway administrators of the 
American Association of State Highway and Transportation 
Officials initiated in 1962 an objective national highway research 
program employing modern scientific techniques. This program is 
supported on a continuing basis by funds from participating 
member states of the Association and it receives the full cooperation 
and support of the Federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Research 
Council was requested by the Association to administer the research 
program because of the Board’s recognized objectivity and 
understanding of modern research practices. The Board is uniquely 
suited for this purpose as it maintains an extensive committee 
structure from which authorities on any highway transportation 
subject may be drawn; it possesses avenues of communications and 
cooperation with federal, state and local governmental agencies, 
universities, and industry; its relationship to the National Research 
Council is an insurance of objectivity; it maintains a full-time 
research correlation staff of specialists in highway transportation 
matters to bring the findings of research directly to those who are in 
a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and transportation 
departments and by committees of AASHTO. Each year, specific 
areas of research needs to be included in the program are proposed 
to the National Research Council and the Board by the American 
Association of State Highway and Transportation Officials. 
Research projects to fulfill these needs are defined by the Board, and 
qualified research agencies are selected from those that have 
submitted proposals. Administration and surveillance of research 
contracts are the responsibilities of the National Research Council 
and the Transportation Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make significant 
contributions to the solution of highway transportation problems of 
mutual concern to many responsible groups. The program, 
however, is intended to complement rather than to substitute for or 
duplicate other highway research programs. 

Note: The Transportation Research Board, the National Research Council, 
the Federal Highway Administration, the American Association of State 
Highway and Transportation Officials, and the individual states participating in 
the National Cooperative Highway Research Program do not endorse products 
or manufacturers. Trade or manufacturers’ names appear herein solely 
because they are considered essential to the object of this report. 

NCHRP REPORT 444 

Project D9-13 FY’97 

ISSN 0077-5614 

ISBN 0-309-06657-3 

L. C. Catalog Card No. 00-133702 

© 2000 Transportation Research Board 

Price $31.00 

NOTICE 

The project that is the subject of this report was a part of the National Cooperative 

Highway Research Program conducted by the Transportation Research Board with the 

approval of the Governing Board of the National Research Council. Such approval 

reflects the Governing Board’s judgment that the program concerned is of national 

importance and appropriate with respect to both the purposes and resources of the 

National Research Council. 

The members of the technical committee selected to monitor this project and to review 

this report were chosen for recognized scholarly competence and with due 

consideration for the balance of disciplines appropriate to the project. The opinions and 

conclusions expressed or implied are those of the research agency that performed the 

research, and, while they have been accepted as appropriate by the technical committee, 

they are not necessarily those of the Transportation Research Board, the National 

Research Council, the American Association of State Highway and Transportation 

Officials, or the Federal Highway Administration, U.S. Department of Transportation. 

Each report is reviewed and accepted for publication by the technical committee 

according to procedures established and monitored by the Transportation Research 

Board Executive Committee and the Governing Board of the National Research 

Council. 

Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

are available from: 

Transportation Research Board 
National Research Council 
2101 Constitution Avenue, N.W. 
Washington, D.C. 20418 

and can be ordered through the Internet at: 

http://www4.nationalacademies.org/trb/homepage.nsf 

Printed in the United States of America 

http://www4.nationalacademies.org/trb/homepage.nsf


FOREWORD 
T

By Staff 
Transportation Research 

Board 

This report presents recommended changes to AASHTO Standard Method of Test 
283, “Resistance of Compacted Bituminous Mixture to Moisture Induced Damage,” 

to enhance T283’s compatibility with Superpave® volumetric mix design. It will be of 
particular interest to materials engineers in state highway agencies and contractor per-
sonnel responsible for the design of hot-mix asphalt (HMA) according to the current 
Superpave or older Marshall and Hveem methods. 

Moisture damage in HMA pavements gained national attention in the late 1970s, and 
its reported occurrence continues to grow. Moisture damage contributes to a variety of 
distresses, including rutting, raveling, and cracking, that significantly diminish the per-
formance and service life of HMA pavements. 

During 1987 through 1993, the Strategic Highway Research Program (SHRP) car-
ried out several major research projects to identify the root causes of moisture damage 
and to develop better methods for predicting moisture damage in the mix design 
process. At the end of the program, however, the conclusion was reached that only 
minor progress had been made in understanding the mechanism (or mechanisms). 
Moreover, an objective assessment of the experimental results suggested that none of 
the laboratory procedures developed under SHRP provided a more accurate prediction 
of moisture damage than did the existing AASHTO Standard Method of Test T283. 
Consequently, AASHTO T283 was incorporated in Superpave volumetric mix design 
to determine HMA moisture damage susceptibility. 

AASHTO T283 is derived from research carried out by Lottman in NCHRP Proj-
ect 4-08(03)1 and refined by Tunnicliff and Root in NCHRP Project 10-17.2 The pro-
cedure and suggested failure criteria are based on the moisture-induced behavior of 
4-in.-diameter specimens compacted to an air-voids content of 7 ± 1 percent with a 
Marshall or Hveem compaction device. Thus, the use of 150-mm-diameter specimens 
compacted with the Superpave gyratory compactor raised questions of whether the 
results would be comparable with those obtained on the smaller diameter specimens. 

Under NCHRP Project 9-13, “Evaluation of Water Sensitivity Tests,” the University 
of Nevada at Reno was assigned the task of evaluating whether conducting AASHTO 
T283 with specimens prepared according to Superpave volumetric mix design 
(AASHTO MP2 and PP28) yields results comparable with those obtained with Marshall-
and Hveem-compacted specimens. The research team conducted a comprehensive lab-
oratory testing program to statistically compare the tensile strengths and resilient mod-
uli of 150-mm gyratory-compacted specimens measured before and after conditioning 

1 NCHRP Report 192: Predicting Moisture-Induced Damage to Asphaltic Concrete and NCHRP Report 246: 
Predicting Moisture-Induced Damage to Asphaltic Concrete–Field Evaluation. 

2 NCHRP Report 274: Use of Antistripping Additives in Asphaltic Concrete Mixtures–Laboratory Phase and 
NCHRP Report 373: Use of Antistripping Additives in Asphaltic Concrete Mixtures–Field Evaluation. 



in accordance with AASHTO T283 to the same properties measured on Marshall, 
Hveem, and 100-mm gyratory-compacted specimens. Specimens were prepared to 
duplicate Superpave-designed mixes from Alabama, Colorado, Maryland, Nevada, and 
Texas that had reported resistance to moisture damage ranging from good to poor. 

The report includes a general discussion of the entire research effort, a summary of 
relevant results from the laboratory test program, and conclusions and significant find-
ings. Of particular interest is that no statistically significant differences were found 
between the tensile strengths and resilient moduli (or their wet-to-dry ratios) of 150-mm-
diameter, Superpave gyratory-compacted specimens and 4-in.-diameter, Marshall-
compacted specimens. In general, however, the larger gyratory-compacted specimens 
did yield significantly different results from 4-in.-diameter, Hveem-compacted speci-
mens. The report also discusses the effect on the test results of variations in loose and 
compacted mix aging, specimen conditioning methods, and saturation levels. An 
appendix presents the recommended changes to AASHTO T283 to accommodate its 
use in Superpave volumetric mix design. 

The two-part final report (Volume I, Tensile Strength Experiments, and Volume II, 
Resilient Modulus Experiments) is supported by five detailed technical work reports.3 

This published report includes Volume I and the recommended changes to AASHTO 
T283; Volume I along with Volume II and the five supporting reports are also planned 
for future publication in the CRP CD-ROM Bituminous Materials Research Series. 

3 (1) Comparison of Gyratory, Marshall and Hveem Compacted Mixtures–Tensile Strength; (2) Effect of Perform-
ing Resilient Modulus Tests Prior to Tensile Strength Determinations During Water Sensitivity Testing; (3) Com-
parison of Water Sensitivity Results on Samples Prepared with the Superpave Gyratory Compactor and Marshall 
Impact Compactor–Tensile Strength; (4) Comparison of Gyratory, Marshall and Hveem Compacted Mixtures– 
Resilient Modulus; and (5) Comparison of Water Sensitivity Test Results on Samples Prepared with Superpave 
Gyratory Compactor and Marshall Impact Compactor–Resilient Modulus. 
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CHAPTER 1 

INTRODUCTION AND RESEARCH APPROACH 

INTRODUCTION 

General Observations 

In the late 1970s and early 1980s, a significant number 
of pavements in the United States began to experience dis-
tress associated with moisture sensitivity of hot-mix asphalt 
(HMA) materials. Premature rutting, raveling, and wear 
were observed on many pavements. The causes of this sud-
den increase in pavement distress because of water sensi-
tivity have not been conclusively identified. Practitioners 
and researchers suggest that changes in asphalt binders, 
decreases in asphalt binder content to satisfy rutting asso-
ciated with increases in traffic (i.e., traffic volume, traffic 
weight, and tire pressure), changes in aggregate quality, 
increased widespread use of selected design features (e.g., 
open-graded friction courses, chip seals, and fabric inter-
layers), and poor quality control were primarily responsible 
for increased water sensitivity problems. 

Regardless of the cause of this moisture-related premature 
distress, methods are needed to identify HMA behavior in the 
presence of moisture. Test methods and pavement perfor-
mance prediction tools need to be developed that couple the 
effects of moisture on the properties of HMA mixtures with 
performance prediction to estimate the behavior of the mix-
ture in resisting rutting, fatigue, and thermal cracking when 
it is subjected to moisture under different traffic levels in var-
ious climates. 

Current State of the Practice 

Methods are presently not available to couple the effects 
of moisture on material properties with pavement perfor-
mance prediction. Most public agencies use tests on loose or 
compacted HMA to determine the water sensitivity of the 
paving material. These test results cannot be used directly to 
rationally predict performance. Only limited correlations 
have been established between water sensitivity test results 
and observed performance of pavements that contain the 
tested HMA. 

The water sensitivity test methods listed below are national 
standards and are used by public agencies (AASHTO [1] and 
ASTM [2]): 

• AASHTO T283, “Resistance of Compacted Bituminous 
Mixture to Moisture Induced Damage”; 

• ASTM D4867, “Effect of Moisture on Asphalt Concrete 
Paving Mixtures”; 

• AASHTO T165/ASTM D1075, “Effect of Water 
on Compressive Strength of Compacted Bituminous 
Mixtures”; and 

• ASTM D3625, “Effect of Water on Bituminous-Coated 
Aggregate Using Boiling Water.” 

Other laboratory test methods are used by public agencies but 
are not national standards. These test methods include Mar-
shall samples subjected to immersion, Hveem samples sub-
jected to moisture vapor, and a pedestal freeze-thaw test. The 
Strategic Highway Research Program (SHRP) identified a 
method of test that is presently designated as AASHTO Pro-
visional Standard (TP34), “Moisture Sensitivity Characteris-
tics of Compacted Bituminous Mixtures Subjected to Hot 
and Cold Climate Conditions.” This method of test is based 
on AASHTO T283. 

The present Superpave® methodology does not couple the 
water sensitivity of the HMA paving mixture with climate 
and traffic to allow for pavement performance prediction for 
a particular paving project. The Superpave methodology uses 
AASHTO T283 to evaluate the susceptibility of HMA to 
moisture. The moisture sensitivity test is performed on a 
laboratory-mixed, 150-mm-diameter, gyratory compacted 
sample as part of the mixture design process. The sample 
is prepared at the design asphalt content and at the design 
gradation as defined by the job mix formula (JMF) for the 
project. 

AASHTO T283 AND SUPERPAVE 

AASHTO T283 is based on research performed by R. P. 
Lottman under NCHRP Project 4-08(03) (3,4) and subse-
quent research performed by D. G. Tunnicliff and R. E. Root 
under NCHRP Project 10-17 (5,6). The AASHTO method indi-
cates that it is suitable for testing samples prepared as part of 
the mixture design process (i.e., laboratory-mixed–laboratory-
compacted), as part of the plant control process (i.e., field-
mixed–laboratory-compacted) and for cores taken from the 
roadway (i.e., field-mixed–field-compacted). Laboratory-
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compacted samples can be prepared by the Marshall, Hveem, 
or Superpave gyratory method. 

The AASHTO procedure ages the mixed, loose HMA for 
16 hr at 60 °C. After compaction to an air-void content of 
7 percent ±1 percent, the samples are extruded from the com-
paction mold and allowed to age from 72 to 96 hr (3 to 
4 days) at room temperature. The samples are then placed 
under water, and a vacuum is used to saturate the samples to 
a level between 55 and 80 percent. A freeze cycle (16 hr at 
−18 °C) and a thaw-soak cycle (24 hr at 60 °C) are used to 
condition the sample prior to indirect tension testing at 25 °C 
(Table 1; tables are grouped at the end of each chapter). 

The Superpave volumetric mixture design method uses the 
SHRP gyratory compactor to prepare 150-mm-diameter by 
about 115-mm samples (according to the Superpave proce-
dures, samples are to be compacted to 95 mm in height at 
7 percent ±1 percent air voids for AASHTO T283 testing). 
The Superpave sample preparation method conditions the 
mixed, loose HMA sample for 4 hr at 135 °C (the 4 hr may 
be reduced to 2 hr for testing volumetric, gyratory compaction 
properties only). The compacted mixture is aged at room 
temperature for 0 to 24 hr. Thus, the differences between the 
AASHTO T283 sample preparation method and the Super-
pave gyratory sample preparation method include the time 
and temperature of aging and the size of the sample (diame-
ter and height). 

SHRP recommended the use of AASHTO T283 to evalu-
ate the water sensitivity of HMA within the Superpave volu-
metric mixture design system. This recommendation was 
made by the SHRP asphalt research team with little testing 
to establish retained tensile strength ratio correlations among 
sample preparation methods (i.e., sample conditioning, method 
of compaction, and size of samples). This deficiency in the 
research was recognized by three groups: the SHRP asphalt 
research team, an NCHRP research project that defined needed 
Superpave-related research, and the FHWA Asphalt Mixture 
Technical Working Group. NCHRP Project 9-13, “Evaluation 
of Water Sensitivity Tests,” was developed to address some of 
the identified research needs relative to the use of AASHTO 
T283 with the Superpave volumetric design method. 

PROJECT OBJECTIVES 

The objectives of this research project are “to evaluate 
AASHTO T283 and to recommend changes to make it com-
patible with the Superpave system.” 

RESEARCH APPROACH 

General Considerations 

The response variables of indirect tensile strength at 25 °C 
and resilient modulus at 25 °C will be measured before and 

after conditioning of the HMA samples. The independent 
variables of importance that were considered for inclusion in 
the study are given below. This listing is largely based on the 
summary of AASHTO T283, ASTM D4867, and the Super-
pave test methods summarized in Table 1. The independent 
variables are 

1. Compaction method 
a. Superpave gyratory compactor 
b. Marshall impact compactor 
c. Hveem kneading compactor 

2. Sample diameter and height 
a. Superpave gyratory compactor: 150-mm diameter 

by 95 mm 
b. Superpave gyratory compactor: 100-mm diameter 

by 62 mm 
c. Marshall impact compactor: 100-mm diameter by 

62 mm 
d. Hveem kneading compactor: 100-mm diameter by 

62 mm 
3. Aging method on loose HMA 

a. AASHTO T283: 16 hr at 60 °C 
b. Superpave: 2 hr at 135 °C 
c. Superpave: 4 hr at 135 °C 
d. No aging 

4. Aging method on compacted HMA 
a. ASTM D4867: 0–24 hr at room temperature 
b. AASHTO T283: 72–96 hr at room temperature 

5. Degree of saturation 
a. 55 percent 
b. 75 percent 
c. 90 percent 

6. Type of aggregate 
a. Alabama/Georgia limestone of moderate-to-low 

water sensitivity 
b. Colorado alluvial of high water sensitivity 
c. Texas limestone of high water sensitivity 
d. Nevada alluvial of moderate-to-high water sensi-

tivity 
e. Maryland limestone of high water sensitivity 

7. Freeze-thaw cycles 
a. None 
b. One 

8. Type of antistrip additive 
a. None 
b. Liquid antistrip 
c. Dry hydrated lime on wet aggregate 

9. HMA mixing 
a. Laboratory 
b. Field (plant) 

Partial factorial experimental designs were developed (as 
defined below) to determine the effect of many of these inde-
pendent variables on indirect tensile strength and resilient 
modulus. 
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Compaction Method and Sample Size 

The Superpave gyratory and Marshall impact compaction 
methods were selected for study because they are currently 
in widespread use or will be in widespread use in the future. 
Sample diameter and heights are those currently used by 
most public agencies. The gyratory sample size of 150-mm 
diameter by 95 mm is required in the Superpave volumetric 
design procedure. Superpave gyratory compaction equip-
ment has the capability of compacting 100-mm-diameter 
samples. The Hveem method of compaction was not to be 
included in the study at the request of the project panel. A 
small graduate study project was included, however, and a 
limited number of Hveem compacted samples were evalu-
ated. The Superpave gyratory compactor is not widely used. 

Aging on Loose and Compacted HMA 

The aging methods selected for loose HMA are those used 
by AASHTO T283 (16 hr at 60 °C) and Superpave (4 hr at 
135 °C). Research has indicated that the 4-hr Superpave 
aging can be reduced to 2 hr and not influence the results of 
the volumetric design procedure. If aging is not required for 
sample preparation, the time required to perform the water 
sensitivity test can be reduced. ASTM D4867 does not 
require loose mix aging. Loose sample aging of 0 hr, 16 hr at 
60 °C, 2 hr at 135 °C, and 4 hr at 135 °C are included in the 
test program. 

AASHTO T283 requires a compacted mixture aging period 
of from 72 to 96 hr (3 to 4 days) at room temperature. ASTM 
D4867 indicates that the aging period of from 0 to 24 hr at 
room temperature is appropriate prior to the start of the test. 
Compacted sample aging periods of from 0 to 4 hr at 135 °C 
and from 88 to 96 hr at room temperature are included in the 
test program. 

Saturation 

The degree of saturation influences water sensitivity test 
results. AASHTO T283 and ASTM D4867 indicate that the 
degree of saturation should be between 55 and 80 percent. 
Some state DOTs and the original Lottman procedure used 
higher saturation percentages. Saturation levels of 55, 75, 
and 90 percent are included in the test program. 

Aggregate Type 

Five aggregates were selected to span the range of water 
sensitivity observed in the field. Aggregates from Alabama, 
Colorado, Maryland, Nevada, and Texas have been selected. 
The aggregates from Colorado, Maryland, and Nevada were 
reported by state representatives to be water-sensitive. The 
aggregates from Alabama and Texas have low-to-moderate 
water sensitivity (Table 2). 

The aggregates were selected from ongoing projects that 
are Superpave volumetric mixture design projects. Asphalt 
binders from these projects were sampled. The mix designs 
used for these field projects are those used by the state DOTs 
with limited verification on this research project (three asphalt 
binder contents were combined with field-constructed grada-
tion at the JMF). 

Freeze-Thaw Cycles 

Some public agencies use one freeze-thaw cycle (AASHTO 
T283) and others do not use a freeze-thaw cycle (ASTM 
D4867). A significant difference in test results can occur with 
certain types of aggregates because of the inclusion or 
absence of a freeze-thaw cycle. Samples conditioned with 
and without a freeze-thaw cycle are included in the study. 

Antistrip Agent 

A wide variety of antistrip agents are evaluated by 
AASHTO T283 and ASTM D4867. At the request of the 
project panel, an antistrip research task was not included in 
the study. 

Mixing 

The AASHTO T283 test is intended for use as a mixture 
design test (i.e., laboratory-mixed–laboratory-compacted) and 
as a field control test (i.e., field-mixed–laboratory-compacted, 
field-mixed–field-compacted, or core). At the request of the 
project panel, only laboratory-mixed–laboratory-compacted 
samples were evaluated in this study. 

Materials and Mixtures 

Asphalt binders and aggregates were selected from Super-
pave volumetric mixture design projects in the states of 
Alabama, Colorado, Maryland, Nevada, and Texas. The 
Alabama, Colorado, Maryland, and Texas projects were con-
structed during the 1997 construction season. The Nevada 
project was constructed in 1995 with one of the mixtures used 
on the WesTrack project. Table 2 contains general informa-
tion about the projects’ locations, contractors, design traffic 
volumes, asphalt binders, and aggregates. More detailed 
information on the asphalt binders, aggregates, and mixture 
designs can be found in Appendix A. 

Research Plan 

Four main tasks constituted the research plan for this study: 

1. Evaluation of the Impact of Conducting the Resilient 
Modulus Test Prior to the Tensile Strength Test, 
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2. Comparison of Four Compaction Methods, 
3. Comparison of Two Compaction Methods (Complete 

Factorial), and 
4. Comparison of Two Compaction Methods (Partial 

Factorial). 

Task 1 investigated the influence of the resilient modulus test 
on tensile test results (using three aggregate sources). Task 2 
determined the effect of four sample compaction methods 
and sample size on water sensitivity testing for fixed condi-
tions of aging and conditioning (using five aggregate sources). 
Task 3 investigated the influence of two compaction meth-
ods on water sensitivity testing for variable conditions of 
aging and conditioning (using one aggregate source). Tasks 1, 
2, and 3 performed “complete” factorial experiments for the 
selected variables. Using a “partial” factorial experimental 
plan, Task 4 further investigated the influence of two com-
paction methods on water sensitivity testing for variable curing/ 
aging and conditioning (using five aggregate sources). 

The results of Tasks 1, 2, and 3 are contained in interim 
reports for this project (7–9). The experimental plan and test-
ing sequence for all four of these tasks is described below. 

Task 1:Evaluation of the Impact of Conducting 
the Resilient Modulus Test Prior to the Tensile 
Strength Test 

Resilient modulus was selected as one of the response 
variables because it is believed to be more sensitive to changes 
in asphalt binder properties and a mixture’s sensitivity to 
damage by water than is tensile strength. In addition, resilient 
modulus can be used as a measure of the load distribution 
capability of a pavement material (i.e., elastic modulus in 
layered elastic models to calculate stress, strain, and deflec-
tion in pavement layers). 

Most public agencies presently use tensile strength as the 
response variable when performing water sensitivity tests. 
Resilient modulus, which is employed by only a few state 
agencies, typically is used by public agencies for informa-
tion and not for acceptance in the mix design or field qual-
ity control/quality assurance (QC/QA) process. 

The test program for Tasks 1 and 2 is described in Table 3, 
in which the program is identified as test sequence “M.” The 
flow diagram for sample testing for “M” is shown in Figure 1. 
An 18-sample test program was used. Asphalt binders and 
aggregates from Alabama, Colorado, and Nevada were used 
in this task. Both 150-mm-diameter Superpave gyratory and 
100-mm-diameter Marshall impact compactors were used 
for sample preparation. The following four fixed curing/aging 
and sample conditioning methods were used: 

1. Loose mix aging of a 4-hr duration at 135 °C, 
2. Compacted mix aging of a 96-hr duration at room tem-

perature, 

3. Saturation level of 75 percent, and 
4. With and without a freeze-thaw cycle after partial sat-

uration. The air void content was targeted to be 
between 6 and 8 percent. 

Task 2: Comparison of Four Compaction Methods 

One of the main issues to be resolved by this research pro-
gram is the effect of compaction method on the results of 
AASHTO T283. AASHTO T283 indicates that laboratory 
compaction can be performed by one of three methods: Mar-
shall impact hammer (100-mm diameter by 62 mm), Hveem 
kneading (100-mm diameter by 62 mm), or Superpave gyra-
tory (100-mm diameter by 62 mm). At present, the AASHTO 
T283 method of test does not allow the use of the recently 
developed Superpave gyratory compactor for sample prepa-
ration. AASHTO Provisional Standard TP34 indicates that 
the Superpave gyratory compactor can be used to mold 
150-mm-diameter by 95-mm samples for use in AASHTO 
T283. As stated previously, the SHRP asphalt research team 
made this recommendation on sample compaction and size 
for the AASHTO Provisional Standard with little testing to 
establish retained tensile strength ratio correlations among 
sample preparation methods. 

A limited test program was therefore established to allow 
for comparison of compaction methods and sample size. 
This test program is described in Table 3, in which it is iden-
tified as test sequences “M,” “S,” and “A.” Test sequence 
“M” allows for comparisons of 150-mm-diameter Super-
pave gyratory and 100-mm-diameter Marshall impact com-
pacted samples. Test sequence “S” allows for comparisons 
of 100-mm-diameter Superpave gyratory samples with other 
compaction methods. Test sequence “A” allows for com-
parisons of 100-mm-diameter Hveem kneading compacted 
samples with other compaction methods. The Hveem portion 
of this study was performed by graduate students at the Uni-
versity of Nevada and was not a part of the budget of this 
study as requested by the project panel. 

Task 2 allows for comparisons among 100-mm-diameter by 
62-mm samples compacted with the Superpave gyratory, 
Marshall impact, and Hveem kneading compactors. In addi-
tion, the test results obtained on 100-mm-diameter by 62-mm 
samples can be compared with the test results obtained on 
150-mm-diameter by 95-mm Superpave gyratory compacted 
samples. 

The flow diagram for sample testing is shown in Figure 2. 
A nine-sample test program was used. Asphalt binders and 
aggregates from Alabama, Colorado, Maryland, Nevada, and 
Texas were used in this task. The following five fixed curing/ 
aging and sample conditioning methods were used: 

1. Loose mix aging of a 4-hr duration at 135 °C, 
2. Compacted mix aging of a 96-hr duration at room 

temperature, 
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Figure 2. Test programs for X, E, S, and A (9 samples). 
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3. Saturation level of 75 percent, and 
4. With and without a freeze-thaw cycle after partial satu-

ration. The air void content was targeted to be between 
6 and 8 percent. 

Task 3: Comparison of Two Compaction Methods 
(Complete Factorial) 

Task 2 compared test results obtained on samples com-
pacted by four methods but using fixed curing/aging and 
sample conditioning methods. Task 3 compared test results 
obtained on 150-mm-diameter by 95-mm Superpave gyra-
tory compacted samples with 100-mm-diameter by 62-mm 
Marshall impact compacted samples subjected to a range of 
curing/aging and conditioning. The following four curing/ 
aging and sample conditioning ranges were used: 

1. Loose mix aging 
a. None 
b. 16 hr at 60 °C 
c. 2 hr at 135 °C 
d. 4 hr at 135 °C 

2. Compacted mix aging 
a. 0 hr 
b. 96 hr at room temperature 

3. Saturation level 
a. 55 percent 
b. 75 percent 
c. 90 percent 

4. With and without freeze-thaw cycle after partial satu-
ration. The air void content was targeted to be between 
6 and 8 percent. 

A complete factorial experimental plan was used for this task 
to define as precisely as possible the influence of aging and 

conditioning on the test results. Only two compaction meth-
ods and one aggregate were selected to reduce the number of 
samples to a manageable number. Marshall impact com-
paction was selected because it is currently the most com-
monly used method for the preparation of AASHTO T283 
laboratory-compacted samples. The 150-mm-diameter Super-
pave gyratory compaction method was selected because 
the Superpave volumetric mixture design method is sched-
uled to replace the currently used Marshall and Hveem 
procedures. 

Table 4 describes the experimental plan. Only the Nevada 
mixture was used for this portion of the study. A nine-sample 
test program (Figure 2) was used in this task. 

Task 4: Comparison of Two Compaction Methods 
(Partial Factorial) 

Task 3 performed a complete factorial experimental 
plan on a single mixture subjected to a variety of curing/ 
aging and conditioning methods with samples prepared by 
two compaction methods. Task 4 compared test results 
obtained on 150-mm-diameter by 95-mm Superpave gyra-
tory compacted and 100-mm-diameter by 62-mm Marshall 
impact compacted samples subjected to a range of curing/ 
aging and conditioning. The curing/aging and conditioning 
were identical to those used in Task 3 of the project and 
described above. 

A partial factorial experimental plan described in Table 4 
was used to allow for the inclusion of five mixtures (Alabama, 
Colorado, Maryland, Nevada, and Texas). The “X” designa-
tion in the table identifies the partial factorial experimental 
plan developed by the project statistician. The “E” designa-
tion indicates the additions made by the project engineer to 
allow for a complete factorial on a portion of the study 
(Nevada mixture). Figures 2 and 3 describe the nine- and six-
sample test sequences used for this task. 
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Figure 3. Test programs for X, E (6 samples). 



Test Parameter ASTMD4867 AASHTOT283 Superpave 

Specimen Size 62mmx 100mm 62mmx 100mm 95 mmx 150mm 

Mixing Temperature Depends on Compaction Method (I) Depends on Compaction Equiviscous (0.170 Pa•s) 
Method()) 

Loose Mix Curing None Cool at Room Temp. 2 hrs. 135•c- 4 hrs. 
Cure at 60°C - I 6 hrs. 

Compaction Temperature Depends on Compaction Method (I) (I- l 35°C (2 hrs. in oven) Equiviscous (0.280 Pa•s) 
2 hrs. in oven) 

Compacted Mixture Curing 0-24 hrs. @ Room Temp. Before Start 72 to 96 hrs. @ Room Temp. Same as AASHTO T283 
ofTesting Before Start of Testing 

Air Void Content of Compacted 6-8 6-8 Same as AASHTO T283 
Specimen, % 

Sample Grouping Average Air Voids of Two sets of Average Air voids of Two Sets Same as AASHTO T283 
Samples About Same of Samples About Same 

Saturation •55-80% •55-80% Same as AASHTO T283 
•About 20 in. Hg for 5 min. •I0-26 in. Hg for 5-10 min. 
•Calculations Different than AASHTO •Calculation Different than 
T283 ASTMD4867 

Swell Determination yes no Same as AASHTO T283 

Freeze -18 + 2°C for min. 15 hrs. -18 + 3°C for min. 16 hrs. Same As AASHTO T283 
(Optional by Note) Remove by Note 

Water Soak 60 + I.G°C for 24 hrs. 60 + 0.1°C for 24 + I hr. Same As AASHTO T283 

Strength Property Indirect Tensile at 25 + l°C with Indirect Tensile at 25 + l°C Same As AASHTO T283 
Loading Rate of 51 mm per min. 

Precision and Bias yes no no 

State Project Information Contractor Traffic Volume, Asphalt Antistrip Used Gradation Aggregate 
20 year ESAL, Binder Grade During Type 

Million Construction 

Number Highway Coarse Fine 

Alabama IM- 1H 65 Whitaker 10-30 PG 64-22 None 25.5 mm Limestone Limestone 
STPAAF- Contracting (AC-30)* Coarse 
65-3 (141) Corporation 

Blount 
County 

Colorado IR(CX) IH25 Com 5 PG 58-28** 1% 19.0mm Alluvial Alluvial 
025-1 Construction Hydrated Fine (partially (partially 
(122) Lime crushed) crushed) 

Maryland SHA Rt40 Keystone 10-30 PG 64-28 None 12.5mm Limestone Limestone 
73.0- Coarse 

39 

Nevada WesTrack Test Granite 3-10 PG 64-22 1.5% 19.0mm Alluvial Alluvial 
Lyon Track Construction Hydrated Fine (partially (partially 

County Lime crushed) crushed) 

Texas NH97 US82 Duininck 3-10 PG 70-22 None 12.5mm Limestone Limestone 
(428) CSJ- Brothers Coarse 

44-3-38 
Clay 

County 

TABLE 1 Water Sensitivity Tests Comparison 

Note: (1) Use mixing temperature as specified by: 
Marshall compaction (ASTM D1559, AASHTO T245) 
Kneading compaction (ASTM D1561, AASHTO T247) 
Compression (ASTM D1074) U.S. Army Corps of Engineers (ASTM D3387) 

TABLE 2 General Project Information 

Notes: * PG 67-22 
** PG 58-28 used in laboratory study; PG 64-28 from Koch used for construction 



Compaction Gyratory (150 x 95 mm) Gyratory (100 x 62 mm) Marshall (100 x 62 mm) Hveem (100 x 62 mm) 

% Saturation 75 75 75 75 

Freeze/Thaw Yes No Yes No Yes No Yes No 

Compacted Mix Aging y N y N y N y N y N y N y N y N 

Aggregate Loose Mix 
Aging 

Source I None 
Nevada 

(N) 16 h/60°c 

2 h/135°C 

4 h/135°C E,M X,M s s E,M X,M A A 

Source 2 None 
Alabama 

(A) 16 h/60°C 

2 h/135°C 

4 h/135°C S,M X,M s s S,M S,M A A 

Source 3 None 
Colorado 

(C) 16 h/6o•c 

2 h/135°C 

4 h/135°C S,M X,M s s S,M S,M A A 

Source 4 None 
Maryland 

16 h/60°c (M) 

2 h/135°C 

4 h/135°C X s s s X s A A 

Source 5 None 
Texas 

(T) 16 h/60°C 

2 h/135°C 

4h/135°C s s s s s s A A 
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TABLE 3 Engineering-Based Special Studies—Tasks 1 and 2 

Notes: X—Statistical-based experiment (from Table 1) 
E—Additional testing for engineering-based experiment (from Table 2) 
S—Speciality study (100-mm-diameter Superpave gyratory sample) 
M—Speciality study (influence of resilient modulus on tensile strength) 
A—Speciality study (100-mm-diameter Hveem impact sample) 



Compaction Gyratory (150 x 95 mm) Marshall ( 100 x 62 mm) 

% Saturation 55 75 90 55 75 90 

Freeze/1baw Yes No Yes No Yes No Yes No Yes No Yes No 

Compacted Mix Aging y N y N y N y N y N y N y N y N y N y N y N y N 

Aggregate Loose Mix 
Aging 

Source 1 None E X X E X X X X X E E X E E E E E E E E E E E X 
Nevada 

(N) 16 h/60°c E X X E X X E X X E X X E E E E E X E E E E E E 

2 h/135°C X X X X X E E X E X X E E E X E X E E E E E E E 

4 h/135°C X E E X E X X E X X X X E E X E E E E E E X E E 

Source 2 None X X X X X X X X X X 
Alabama 

(A) 16 h/60°C X X X X X X X X X 

2 h/135°c X X X X X X X X X 

4h/135°C X X X X X X X X X 

Source 3 None X X X X X X X X X 
Colorado 

(C) 16 h/60°c X X X X X X X X X 

2 h/135°C X X X X X X X X X 

4 h/135°C X X X X X X X X X 

Source 4 None X X X X X X X X 
Maryland 

16 h/60°c X X X X X (M) X X X X 

2 h/135°C X X X X X X X X X X 

4 h/135°C X X X X X X X X X X 

Source 5 None X X X X X X X X 
Texas 

(T) 16 h/60'C X X X X X X X X X X X 

2h/135°C X X X X X X X X X X X 

4 h/135°C X X X X X X X X 

11 

TABLE 4 Statistical- and Engineering-Based Experimental Plan—Task 2 

Notes: X—Statistical-based experiment (from Table 1) 
E—Additional testing for engineering-based experiment (from Table 2) 
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CHAPTER 2 

FINDINGS 

INTRODUCTION 

For convenience in the presentation of test results, a num-
ber of codes and abbreviations are used in the test and in 
tables and figures of the report. These codes are summarized 
below: 

• Aggregate Source 
– AL: Alabama 
– CO: Colorado 
– MD: Maryland 
– NV: Nevada 
– TX: Texas 

• Compaction Method 
– G150: 150-mm-diameter Superpave gyratory com-

pactor sample 
– G100: 100-mm-diameter Superpave gyratory com-

pactor sample 
– M100: 102-mm-diameter Marshall impact compactor 

sample 
– H100: 102-mm-diameter Hveem kneading compactor 

sample 
• Conditioning of Samples 

– Dry: No conditioning with water or freeze-thaw cycle 
– No F-T: Partial water saturation, no freeze-thaw cycle 
– F-T: Partial water saturation with freeze-thaw cycle 

• Resilient Modulus 
– MR  

TEST RESULTS 

As stated previously, four main tasks constitute the test 
program for this research project. These tasks are 

1. Evaluation of the Impact of Conducting the Resilient 
Modulus Test Prior to the Tensile Strength Test, 

2. Comparison of Four Compaction Methods, 
3. Comparison of Two Compaction Methods (Complete 

Factorial), and 
4. Comparison of Two Compaction Methods (Partial 

Factorial). 

The tensile strength and tensile strength ratio test results are 
contained in interim reports for this project (7–9) and are 
summarized below. 

Tables 5 and 6 contain the tensile strength and the tensile 
strength ratios for Task 1, Evaluation of the Impact of Con-
ducting the Resilient Modulus Test Prior to the Tensile 
Strength Test. The second interim report (8) contains a detailed 
analysis of the data obtained in this portion of the study. The 
information will be summarized below and in Chapter 3. 

Table 7 contains the tensile strength and the tensile 
strength ratio information for Task 2, Comparison of Four 
Compaction Methods. The first interim report (7) contains a 
detailed analysis of the data obtained in this portion of the 
study. The information will be summarized in Chapter 3. 

Tables 8 and 9 contain the tensile strength and the tensile 
strength ratios for Task 3, Comparison of Two Compaction 
Methods (Complete Factorial). The third interim report (9) 
contains a detailed analysis of the data obtained in this por-
tion of the study. The information will be summarized in 
Chapter 3. 

Table 10 contains the tensile strength and the tensile 
strength ratio for Task 4, Comparison of Two Compaction 
Methods (Partial Factorial). The data in Table 10 will be 
summarized in Chapter 3. 



AGGREGATE COMPACTION SAMPLE RESILIENT TENSILE STRENGTII, p:.i MEAN STANDARD NO.OF COEFFICIENT OF 
SOURCE METIIOD CONDITIONING MODULUS DEVIATION SAMPLES VARIATION 

CODE SAMPLE NUMBER 

I 2 l 

ALABAMA GYRATORY DRY NOMR 88.11 81.-1 71.6 81.l 7.60 l 9.lS 
ISO 111111 

MR 90.2 69.0 87.6 82.l II.S6 l 14.06 

NOF-T NOMR S0.0 4S.4 43.9 46.4 l.18 3 6.SS 

MR 61.7 40.S 4S.I 49.I II.IS 3 22.71 

F-T NOMR 62.0 47.0 79.9 63.0 16.47 l 26.16 

MR 49.I SI.I 464 48.9 2.36 l 4.83 

MARSIIALL DRY NOMR 93.7 92.4 81.9 90.0 S.12 l 5.91 
100mm 

MR 92.0 9S.7 I IS.3 101.0 l2.S2 l 12.40 

NOF-T NOMR 71.2 68.8 98.1 80.0 15.80 l 19.74 

MR 98 0 77.0 89.-f 88.1 10.56 l 11.98. 

F-T NOMR SB.4 SS.8 66.1 60.1 S.36 l 8.91 

MR 96.1 99.2 118.2 104.S 11.97 l ll.4S 

COLORADO GYRATORY DRY NOMR 62.8 76.l 116.S 7S.2 11.89 l IS.Ill 
ISO 111111 

MR 76.9 61.S 77.l 72.2 8.43 l 11.67 

NOF-T NOMR 48.2 S2.2 41.8 48.1 4.20 l 8.74 

MR SU 38.7 41.2 4S.I 8.95 l 19.86 

F-T NOMR 49.2 SH 48.0 SI.S S.12 l 9.9) 

MR lH SO.I 47.7 4S.I 6.7S l 14.97 

MARSIIALL DRY NOMR 143.0 II I.I I IS. I 123.1 17.38 l 1412 

100mm 
MR n.9 82.1 83.6 81.S 2.40 l 2.9-4 

NOF-T NOMR 6-1.0 4S.S 29.2 46.2 17.41 l 37.66 

MR 37.l S9.S 48.3 48.4 11.10 l 22.9S 

l'-T NOMR 30.3 26.l ll s 27.4 3.49 l 12.17 

MR 34.2 SU H.S 43.6 8.6S ) 19.83 

TABLE 5 Tensile Strength Test Results for 18-Sample Test Sequence—Task 1 

(continued on next page) 



AGGREGATE COMPACTION SAMPLE RESILIENT TENSII.E STRENGTII, psi MEAN STANDARD NO.Of COEFFICl&rr 
SOURCE METHOD CONDITIONING MODULUS DEVIATION SAMPLES OF VARIATION 

CODE SAMPLE NUMBER 

I 2 3 

NEVADA GYRATORY DRY NOMR 206.S 169.0 . 187.& 26.S2 3 14.12 
1s0111111 

MR 207.S 216.2 202.6 208.8 6.89 ) 3.30 

NOF-T NOMR 173.S 17).6 149.9 16S.7 13.6S 3 &.24 

MR 17S.S 14S.0 139.S ISl.3 19.39 3 12.6S 

f-T NOMR 13S.8 128.1 1S6.6 140.2 14.74 3 10.Sl 

MR IS&.6 IS).4 16S.9 IS9.l 6.28 ) 3.94 

MARSHALL DRY NOMR 269.0 264.0 286.0 273.0 11.Sl 3 4.22 
100 nuu 

MR 270.4 266.2 320.) ll)).b )0.10 3 IO.S4 

NOF-T NOMR 110.6 117.4 IS3.8 127.) 23.23 3 l8.2S 

MR 182.8 IS7.9 168.S 169.7 12.S0 3 7.36 

F-T NOMR 88.0 74.6 63.& 7S.S 12.12 ) 16.06 

MR 137.S 74.8 87.6 100.0 ll.13 ) 33.14 

TABLE 5 (Continued) 



AGGH.EGATE SOU!<t L ( W,ll'ACTION METIIOll ~At,.!r'l.l'. l (Jt,!U!TIONING IU'SII JLN I t.t(JIJIJI \JS< ODl' 11:N'.')IIT STRl:N<ITII KATIO 

ORY NO Ml( AS DRY MK AS OENOMINAIOR 
llENOMINAIOlt 

ALAllAMA l;YRATOf<Y /)I(\' Nt) t-11< NIA NIA 
150 111111 

MK 1.01 NIA 

NO F • T NOMR 0.57 0.56 

MR 0.60 060 

F-T NOMK 0.77 0.77 

MR 0G0 0,59 

t.tARSIIAl.L rm Y NOMI( NIA NIA 
IOOnun 

MH 1.12 NIA 

NO I'· r NOMH 0.89 0.79 

MR 0.9H 0.87 

I I NO I\IR 0.67 060 

MK 1.16 I.OJ 

COLORADO GYRATORY DRY NOMR NIA NIA 

150 IIUII 
MR 0.96 NIA 

NOi' -T NOMR 064 0 67 

MR 0.60 0.62 

F I NOMI( 0 69 0.71 

MR 0.60 0.62 

MARSHALL llHY NOMR NIA NIA 

100 nun 
I\IR 0 66 NIA 

Nt> I· I NOMH 0 }8 0.57 

MR 0 )9 0 59 

F-T NOMR o.:n 0 )4 

MR 0.JS 0.54 

NEVADA GYRATORY [)RY NO MR NIA NIA 

150 111111 ,m 1.l I NIA 

NOi . I NOt-.lH 0.88 0.79 

t-.11( 0.82 0.7) 

I' I NOt.lH 0.75 0.67 

,rn 0.85 0.76 

MARSIIAI.L DRY NOMII NIA NIA 

100 111111 
WI I.OS Nt:\ 

NO F · T NOMR 0.47 0 45 

1\111 0.02 0 59 

F-T NO MR 0.28 0 26 

/\11{ ())7 035 
.. 

TABLE 6 Tensile Strength Ratio for 18-Sample Test Sequence—Task 1 
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Aggregare Compacrion Sample Tc:nsilc: S1reng1h, Psi S1a1is1ics (fensile S1reng1h) Tensile 

Source Me1hod Condirioning Sample: Number Mean Standard N Coefficien1 of Streng1h 
I 2 3 Deviation Samples Variation Ra1io 

Dry 90.2 69.0 87.6 82.3 11.6 3 14.1 
G 150 NoF-T 61.7 40.5 45.1 49.I 11.2 3 22.7 0.60 

F-T 49.I 51.1 46.4 48.9 2.4 3 4.8 0.59 
Dry I I0.9 120.8 122.6 118.I 6.3 3 5.3 

G 100 NoF-T 29.8 38.3 33.0 33.7 4.3 3 12.7 0.29 
Alabama F-T 47.5 52.3 48.J 49.4 2.6 3 5.2 0.42 

Dry 92.0 95.7 115.3 IOl.0 12.5 3 12.4 
MIOO No F-T 98.0 77.0 89.4 88.1 I0.6 3 12.0 0.87 

F-T 96.1 99.2 118.2 104.5 12.0 3 11.5 1.03 
Dry 124.8 117.0 141.7 127.8 12.6 3 9.9 

H 100 No F-T 40.) 49.9 42.0 44.0 5.2 3 11.8 0.34 
F-T 40.0 39.0 55.1 44.9 9.4 ) 20.9 0.35 
Dry -76.9 62.5 77.3 72.2 8.4 ) 11.7 

G ISO No F-T 55.3 38.7 41.2 45.1 9.0 3 19.9 0.62 
F-T 37.4 50.1 47.7 45.1 6.7 3 15.0 0.62 
Dry 163.2 121.2 132.2 138.9 21.8 3 15.7 

G 100 No F-T 48.9 46.5 51.3 48.9 2.4 3 4.9 0.35 
Colorado F-T 34.2 27_3 36.5 32.7 4.8 3 14.7 0.2-1 

Dry 78.9 82.1 83.6 81.5 2.4 3 2.9 
MIOO No F-T 37.3 59.5 48.3 48.4 II.I 3 23.0 0.59 

F-T 34.2 51.2 45.5 -13.6 8.7 3 19.8 0.5-1 
Dry 135.6 125.9 112.0 124.5 11.9 3 9.5 

H 100 No F-T 31.6 43.0 41.8 38.8 6.3 3 16.1 0.31 
F-T 35.1 30.6 20.5 28.7 7.5 3 26.0 0.23 
Dry 70.1 76.0 75.0 73.7 3.2 3 4.3 

G 150 No F-T 60.9 74.2 59.8 65.0 8.0 3 12.3 0.88 
F-T 86.6 78.8 89.0 84.8 5.J 3 6.3 1.15 
Dry 111.3 115.1 113.2 113.2 1.9 3 1.7 

G 100 No F-T 53.9 59.6 62.2 58.6 4.2 ) 7.2 0.52 
Marylao<l F-T 97.8 96.2 95.1 96.6 I.I 3 I. I 0.85 

Dry 76.8 76.9 71.8 75.2 2.9 J 3.9 
MIOO No F-T 62.2 63.2 60.8 62.1 1.2 3 1.9 0.83 

F-T 56.2 6-H 61.4 60.7 4.1 3 6.8 0.81 
Dry 111.J IOI.I 113.2 108.5 6.5 3 6.0 

II IOO No F-T 74.J 74.0 77.0 75.l 1.7 3 2.2 0.69 
F-T 71.6 67.9 64.0 67.8 3.8 3 5.6 0.63 

16 

TABLE 7 Tensile Strength Test Results—Task 2 

(continued on next page) 



Aggregate Compaction Sample Tensile S1reng1h, Psi S1a1is1ics (fensile S1reng1h) Tensile 

Source Me1hod Condi1ioning Sample Number Mean Standard N Coefficient of, , · S1reng1h . 
I 2 3 Deviation Samples Varia1ion . Rado 

Dry 207.5 216.2 202.6 208.8 6.9 3 3.3 
G 150 No F-T 175.5 145.0 139.5 153.3 19.4 3 12.6 0.73 

F-T 158.6 153.4 165.9 159.3 6.3 3 3.9 0.76 
Dry 276.8 285.8 299.6 287.4 11.5 3 4.0 

G 100 No F-T 91.4 90.4 I 13.8 98.5 13.2 3 13.4 0.34 

Nevada F-T 92.5 93.2 92.6 92.8 0.4 3 0.4 0.32 
Dry 270.4 266.2 320.3 285.6 30.1 3 10.5 

M 100 No F-T 182.8 157.9 168.5 169.7 12.5 3 7.4 0.59 

F-T 137.5 74.8 87.6 100.0 33.1 3 33.1 0.35 

Dry 210.7 233.1 245.4 229.7 17.6 3 7.7 

II 100 No F-T 61.2 62.4 S1.8 58.5 5.8 3 9.9 0.25 
F-T 64.1 65.8 4~.4 59.4 9.6 3 16.1 0.26 

Dry 177.1 176.6 165.8 173.2 6.4 3 3.7 

G 150 No F-T 105.2 l 10.6 I 10.I 108.6 3.0 3 2.7 0.63 
F-T 121.3 121.7 121.5 0.3 2 0.2 0.70 
Dry 186.7 164.8 165.0 172.2 12.6 3 7.3 

G 100 No F-T 88.3 107.3 97.8 13.4 2 13.7 0.57 

Texas F-T 76.0 86.6 75.7 79.4 6.2 3 7.8 0.46 

D1y 129.3 117.1 110.7 119.0 9.4 3 7.9 
M 100 No F-T 71.5 84.6 78.4 78.2 6.6 3 8.4 0.66 

F-T 79.9 64.5 80.7 15.0 9.1 3 12.2 0.63 
Dry 185.0 182.8 183.8 183.9 I.I 3 0.6 

I! 100 No F-T 73.7 73.2 76.0 74.3 1.5 3 2.0 0.40 
F-T 44.3 42.6 42.3 43. l I. I 3 2.5 0.23 
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TABLE 7 (Continued) 



Loose Saturation Compacted Sample Tensile Stren~th Psi Statistics (Tensile Stren~th \ Tensile 
Mix Level Mix Conditioning Sarnole Number Mean Standard N Coefficient Strength 

Aging Aging Deviation Samples of Variation Ratio 
I 2 3 

Drv 220.9 207.4 230.7 219.7 11.7 3 5.3 
Oh NoF-T 81.4 98.4 84.6 88.1 9.0 3 10.3 0.40 

55 F-T 169.6 172.5 153.5 165.2 10.2 3 6.2 0.15 

Drv 146.9 147.2 135.5 143.2 6.7 3 4.7 
96 h NoF-T 81.6 115.9 114.3 103.9 19.4 3 18.6 0.73 

F-T 85.1 88.5 100.5 91.4 8.1 3 8.9 0.64 

Drv 220.9 207.4 230.7 219.7 11.7 3 5.3 
Oh NoF-T 66.2 77.8 77.9 74.0 6.7 3 9.1 0.34 

l6h/60C 75 F-T 141.4 145.1 151.9 146.1 5.3 3 3.6 0.67 

Drv 146.9 147.2 135.5 143.2 6.7 3 4.7 
96h NoF-T 81.3 80.0 83.4 &1.6 1.7 3 2.1 0.57 

F-T 105.3 88.8 107.1 100.4 10.1 3 10.0 0.70 

Drv 220.9 207.4 230.7 219.7 11.7 3 5.3 
Oh NoF-T &0.8 63.7 66.5 70.3 9.2 3 13.0 0.32 

90 F-T 145.& 145.4 154.5 148.6 5.1 3 1, 0.68 

Drv 146.9 147.2 135.5 143.2 6.7 3 4.7 
96 h NoF-T 66.3 78.2 92.4 79.0 13.l 3 16.5 0.55 

F-T 'i4 1 ,:2 n 73? 65? 9.8 1 15 0 046 

Drv 276.5 272.1 271.1 273.2 2.9 3 I.I 
Oh NoF-T 141.1 135.8 158.0 145.0 11.6 3 8.0 0.53 

55 F-T 166.6 153.1 176.7 165.5 11.8 3 7.2 0.61 

Drv 256.2 270.5 226.9 251.2 22.2 3 8.8 
96 h NoF-T 122.1 122.6 122.4 0.4 2 0.3 0.49 

F-T 85.0 88.6 88.5 87.4 2.1 3 2.3 0.35 

Orv 276.5 272.1 271.1 273.2 2.9 3 I.I 
Oh NoF-T 146.2 135.3 178.5 153.3 22.5 3 14.7 0.56 

16 h/60C 75 F-T 117.7 145.6 173.1 145.5 27.7 3 19.0 0.53 

Drv 256.2 270.5 226.9 251.2 22.2 3 8.8 
96 h NoF-T 160.3 132.8 137.8 143.6 14.6 3 10.'2 0.57 

F-T 85.1 78.2 105.6 89.6 14.3 3 15.9 0.36 

Drv 276.5 272.1 271.1 273.2 2.9 3 I.I 
Oh NoF-T 129.4 146.2 98.5 124.7 24.2 3 19.4 0.46 

90 F-T 145.5 132.9 1 I0.6 129.7 17.7 3 13.6 0.47 

Drv 256.2 270.5 226.9 251.2 22.2 3 8.8 
96 h No 115.7 08.9 114.0 112.9 3.5 3 3.1 0.45 

F-T 88.3 71.3 80,9 80,2 8.5 3 10.6 0.32 
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TABLE 8 Tensile Strength Test Results for Superpave Gyratory Compacted Samples—Complete Factorial—Task 3 

(continued on next page) 



Loose Saturation Compacted Sample Tensile Streneth Psi Statistics /Tensile Streneth\ Tensile 
Mix Level Mix Conditioning Samele Number Mean Standard N Coefficient Strength 

Aging Aging Deviation Samples of Variation Ratio 
I 2 3 

Drv 277.4 239.3 247.8 254.8 20.0 3 7.8 
Oh NoF-T 110.9 103.8 107.2 107.3 3.6 3 3.3 0.42 

55 F-T 132.4 60.0 96.2 51.2 2 53.2 0.38 

Orv 211.2 239.8 224.1 225.0 14.3 3 6.4 
96h NoF-T 201.7 207.0 208.8 205.8 3.7 3 1.8 0.91 

F-T 100.4 107.3 148.4 118.7 26.0 3 21.9 0.53 

Drv 277.4 239.3 247.8 254.8 20.0 3 7.8 
Oh NoF-T 105.8 108.6 107.2 107.2 1.4 3 1.3 0.42 

2 h/135C 75 F-T 126.1 161.2 130.9 139.4 19.0 3 13.7 0.55 

Drv 211.2 239.8 224.1 225.0 14.3 3 6.4 
96h NoF-T 209.1 178.9 208.3 198.8 17.2 3 8.7 0.88 

F-T 98.5 94.8 96.7 2.6 2 2.7 0.43 

Orv 277.4 239.3 247.8 254.8 20.0 3 7.8 
Oh NoF-T 99.7 95.8 9.7 95.4 4.5 3 4.7 0.37 

90 F-T 144.6 155.7 160.6 153.6 8.2 3 5.3 0.60 

Drv 211.2 239.8 224.1 225.0 14.3 3 6,4 
96h NoF-T 172.2 178.1 175.5 3.7 3 2.1 0.78 

l'.T .,., 0 11\'l 7 9? 1 0?,; 99 1 IO 7 n,11 

Drv 220.8 270.5 248.3 246.S 24.9 3 10.l 
Oh NoF-T 148.3 153.8 127.7 143.3 13.8 3 9.6 0.58 

55 F-T 143.8 156.5 161.0 153.8 8.9 3 5.8 0.62 

Drv 223.8 225.5 218.0 222.4 3.9 3 1.8 
96 h NoF-T ISO.I 171.1 154.9 158.7 11.0 3 6.9 0.71 

F-T 174.7 164.6 157.5 165.6 8.6 3 5.2 0.74 

Drv 220.8 270.5 248.3 246.5 24.9 3 10.1 
Oh NoF-T 139.7 97.1 124.3 120.4 21.6 3 17.9 0.49 

4 h/135C 75 F-T 117.3 120.7 l05.6 114.5 7.9 3 6.9 0.46 

Drv 223.8 225.5 218.0 222.4 3.9 3 1.8 
96 h NoF-T 175.5 145.0 139.5 153.3 19.4 3 12.6 0.69 

F-T 158.6 153.4 165.9 159.3 6.3 3 3.9 0.72 

Drv 220.8 270.5 248.3 246.5 24.9 3 10.1 
Oh NoF-T 124.5 145.1 139.0 136.2 10.6 3 7.8 0.55 

90 F-T 88.7 121.4 108.4 106.2 16.5 3 15.5 0.43 

Drv 223.8 225.5 218.0 222.4 3.9 3 1.8 
96 h NoF-T 167.6 170.2 165.6 167.8 2.3 3 1.4 0.75 

F.T 117 7 tn'1" 11" n tPn <., 1 A,; ti'" 
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TABLE 8 (Continued) 



Loose Saturation Compacted Sample Tensile Streni?th Psi Statistics (Tensile Streneth) Tensile 
Mix Level Mix Conditioning Samnle Number Mean Standard N Coefficient Strength 

Aging Aging Deviation Samples of Variation Ratio 
I 2 3 

Drv 171.1 180.6 166.S 172.7 7.2 3 4.2 
Oh NoF-T 85.4 93.1 86.1 88.2 4.3 3 4.8 0.51 

55 F-T 58.9 57.6 56.4 57.6 1.3 3 2.2 0.33 

Drv 212.2 221.8 200.0 211.3 10.9 3 5.2 
96 h NoF-T 121.9 92.4 107.2 20.9 2 19.5 0.51 

F-T &4.6 65.7 75.2 75.2 9.5 3 12.6 0.36 

Orv 171.1 180.6 166.5 172.7 7.2 3 4.2 
Oh NoF-T 123.0 128.1 92.1 114.4 19.5 3 17.0 0.66 

None 75 F-T 106.1 123.7 11&.I 116.0 9.0 3 7.8 0.67 

Orv 212.2 221.8 200.0 211.3 10.9 3 5.2 
96h NoF-T 213.9 210.3 186.5 203.6 14.9 3 7.3 0.96 

F-T 106.9 84.3 117.7 103.0 17.0 3 16.6 0.49 

Orv 171.1 180.6 166.5 172.7 7.2 3 4.2 
Oh NoF-T 93.0 101.8 91.1 95.3 5.7 3 6.0 0.55 

90 F-T 106.7 &6.4 107.9 100.3 12.1 3 12.0 0.5& 

Orv 212.2 221.8 200.0 211.3 10.9 3 5.2 
96 h NoF-T 145.8 211.1 178.5 46.2 2 25.9 0.84 

l'.T 7() ~ ()7 I ()() I QI() JOR 1 117 n,n 

Orv 263.3 241.1 287.3 263.9 23.1 3 8.8 
Oh NoF-T 163.4 183.0 197.1 181.2 16.9 3 9.3 0.69 

55 F-T 112.6 128.5 122.7 121.3 8.0 3 6.6 0.46 

Orv 234.7 245.8 248.5 243.0 7.3 3 3.0 
96 h NoF-T 140.1 156.7 137.2 144.7 10.5 3 7.3 0.60 

F-T 101.7 81.7 97.1 93.5 10.5 3 11.2 0.38 

Orv 263.3 241.1 287.3 263.9 23.1 3 8.8 
Oh NoF-T 188.0 174.0 172.6 178.2 8.5 3 4.8 0.68 

16 h/60C 15 F-T 73.9 71.1 75.4 73.5 2.2 3 3.0 0.28 

Drv 234.7 245.8 248.5 243.0 7.3 3 3.0 
96h NoF-T 192.2 129.2 150.2 157.2 32.1 3 20.4 0.65 

F-T 72.2 76.8 84.8 77.9 6.4 3 8.2 0.32 

Orv 263.3 241.1 287.3 263.9 23.1 3 8.8 
Oh No F-T 218.S 171.8 190.S 193.6 23.S 3 12.1 0.73 

90 F-T 97.1 133.4 115.3 25.7 2 22.3 0.44 

Orv 234.7 245.8 248.5 243.0 7.3 3 3.0 
96 h NoF-T 127.2 131.2 151.3 136.6 12.9 3 9.5 0.56 

l'.T 76 I 76 S 92 7 RIR 9 ~ 3 II.Ii 014 
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Loose Saturation Compacted Sample Tensile StreoQth Psi Statistics (Tensile Strene.th) Tensile 
Mix Level Mix Conditioning Samole Number Mean Standard N Coefficient Strength 

Aging Aging Deviation Samples of Variation Ratio 
I 2 3 

Drv 218.9 234.5 190.9 214.8 22.1 3 10.3 
Oh NoF-T 136.4 139.9 124.5 133.6 8.1 3 6.0 0.62 

55 F-T 116.4 131.8 124.1 10.9 2 8.8 0.58 

Drv 158.6 161.5 137.9 152.7 12.9 3 8.4 
96 h NoF-T 114.5 138.5 143.3 132.1 15.4 3 11.7 0.87 

F-T 130.1 110.4 107.1 I 15.9 12.4 3 l0.7 0.76 

Drv 218.9 234.5 190.9 214.8 22.1 3 l0.3 
Oh NoF-T 128.0 131.6 144.2 134.6 8.5 3 6.3 0.63 

2 h/135C 75 F-T l01.8 99.8 l02.3 101.3 1.3 3 1.3 0.47 

Drv 158.6 161.5 137.9 152.7 12.9 3 8.4 
96h NoF-T 144.3 154.4 166.4 155.0 II.I 3 7.1 1.02 

F-T 136.4 118.6 138.I 131.0 l0.8 3 8.2 0.86 

Drv 218.9 234.5 190.9 214.8 22.1 3 10.3 
Oh NoF-T 106.7 86.4 107.9 100.3 12.l 3 12.0 0.47 

90 F-T 80.1 98.8 123.0 100.6 21.5 3 21.4 0.47 

Drv 158.6 161.5 137.9 152.7 12.9 3 8.4 
96h NoF-T 140.1 143.I 102.7 128.6 22.5 3 17.5 0.84 

F-T Jl\i-7 I JO~ n~ o l?I\" ),! " 'l 12 I 1\.79 

Drv 201.6 211.4 234.1 215.7 16.7 3 7.7 
Oh NoF-T 125.4 113.3 158.1 132.3 23.2 3 17.5 0.61 

55 F-T 160.8 150.7 142.9 151.5 9.0 3 5.9 0.70 

Drv 264.9 244.8 270.9 260.2 13.7 3 5.3 
96 h NoF-T 146.0 175.8 166.8 162.9 15.3 3 9.4 0.63 

F-T 172.9 151.l 117.6 147.2 27.9 3 18.9 0.57 

Drv 201.6 211.4 234.I 215.7 16.7 3 7.7 
Oh NoF-T 131.4 120.3 125.9 7.8 2 6.2 0.58 

4 h/135C 75 F-T 136.2 123.2 149.5 136.3 13.2 3 9.6 0.63 

Drv 264.9 244.8 270.9 260.2 13.7 3 5.3 
96 h NoF-T 182.8 157.9 168.5 169.7 12.5 3 7.4 0.65 

F-T 74.8 87.6 81.2 9.1 2 II.I 0.31 

Drv 201.6 211.4 234.1 215.7 16.7 3 7.7 
Oh NoF-T 192.4 227.8 200.3 206.8 18.6 3 9.0 0.96 

90 F-T 121.2 124.2 122.7 2.1 2 1.7 0.57 

Drv 264.9 244.8 270.9 260.2 13.7 3 5.3 
96 h No F-T 119.5 117.6 112.8 116.6 3.5 3 3.0 0.45 

P.T 110 R R7 'l 113 I JI\~ 7 Id 3 'l Pl! I\,!/\ 
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Loose Saturation Compacted Sample Tensile Strenath, Psi Statistics (Tensile Strenath) Tensile 
Mix Level Mix Conditioning Sample Number Mean Standard 

-,c N -
Coefficient of Strengttl 

Aging Aging 1 ' 2 3 . Deviation Samples Variation Ratio 
Dry 96.3 97.1 122.5 105.3 14.9 3 14.1 

Oh No F-T 54.3 43.6 46.9 48.3 5.5 3 11.4 0.46 
55 F-T 

Dry 111.0 81.6 96.2 96.3 14.7 3 15.3 
96 h No F-T 

F-T 63.3 63.1 79.1 68.5 9.2 3 13.4 0.71 

Dry 96.3 97.1 122.5 105.3 14.9 3 14.1 
Oh No F-T 58.4 52.8 61.8 

None 75 F-T FAILED FAILED FAILED 
Dry 111.0 81.6 96.2 96.3 14.7 3 15.3 

96 h No F-T FAILED FAILED FAILED 
F-T 59.5 63.8 72.2 

Dry 96.3 97.1 122.5 105.3 14.9 3 14.1 

Oh No F-T 
90 F-T 55.6 FAILED FAILED 55.6 N/A 1 N/A 0.53 

Dry 111.0 81.6 96.2 96.3 14.7 3 15.3 
96 h No F-T 52.1 51.9 54.9 

F-T FAILED FAILED FAILED 

Dry 83.0 75.5 78.2 78.9 3.8 3 4.8 
Oh No F-T FAILED 36.1 44.1 40.1 5.7 2 14.1 0.51 

55 F-T 
Orv 56.7 60.4 56.6 57.9 2.2 3 3.7 

96h No F-T 77.2 49.6 72.3 66.4 14.7 3 22.2 1.15 
F-T 59.4 57.8 73.6 63.6 8.7 3 13.7 1.10 

Dry 83.0 75.5 78.2 78.9 3.8 3 4.8 

Oh No F-T 
16 h / 60°C 75 F-T 42.5 FAILED FAILED 42.5 NIA 1 N/A 0.54 

Dry 56.7 60.4 56.6 57.9 2.2 3 3.7 

96 h No F-T 60.6 60.5 65.2 62.1 2.7 3 4.3 1.07 

F-T 

Dry 83.0 75.5 78.2 78.9 3.8 3 4.8 
Oh No F-T 45.6 49.8 FAILED 47.7 3.0 2 6.2 0.60 

90 F-T 45.6 49.7 FAILED 47.7 2.9 2 6.1 0.60 

Dry 56.7 60.4 56.6 57.9 2.2 3 3.7 

96 h No F-T 
F-T 42.8 48.1 48.5 46.5 3.2 3 6.8 0.80 
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Loose Saturation .9o'!'~cted Sarilple . .. Tensile Streriath; Psi . .":.',,;:,:::. ·.· :.· · · Statistics ll ensi1e·stniMI ~\ ..... <'"ii•?? '',!!;/";.' l=· Mix Level • MIX Conditioning Samok, Number Mean 
.. 

staooarc:F' ·.· N . .... coefficlentot ··· 
Aging /Aging· 1 .2 3 ... Deviation•·· ·s,.,,p1~ •·· v•riiltibn , : . · <Ri;rtio · · .. ·· 

Orv n.9 63.7 76.3 72.6 7.8 3 10.7 
Oh No F-T 

55 F-T FAILED FAILED 58.7 58.7 N/A 1 N/A 0.81 
Ory 77.9 63.7 76.3 72.6 7.8 3 10.7 

96h NoF-T 62.5 62.8 57.1 60.8 3.2 3 5.3 0.84 
F-T 
Dry 77.9 63.7 76.3 72.6 7.8 3 10.7 

Oh No F-T FAILED 42.5 FAILED 42.5 NIA 1 NIA 0.59 
2 h / 135°C 75 F-T FAILED 61.3 FAILED 61.3 NIA 1 NIA 0.84 

Dry 77.9 63.7 76.3 72.6 7.8 3 10.7 
96h NoF-T 55.6 66.4 59.2 60.4 5.5 3 9.1 0.83 

F-T 68.3 57.9 NA 63.1 7.4 2 11.7 0.87 
Dry 77.9 63.7 76.3 72.6 7.8 3 10.7 

Oh NoF-T FAILED FAILED FAILED 
90 F-T 

Dry n.9 63.7 76.3 72.6 7.8 3 10.7 
96h No F-T 

F-T 47.3 45.2 42.2 44.9 2.6 3 5.7 0.62 
Dry 117.3 97.5 105.8 106.9 9.9 3 9.3 

Oh No F-T 
55 F-T 56.8 56.2 51.9 55.0 2.7 3 4.9 0.51 

Dry 70.2 69.0 87.6 75.6 10.4 3 13.8 
96h No F-T 55.9 40.2 48.8 48.3 7.9 3 16.3 0.64 

F-T 
Dry 117.3 97.5 105.8 106.9 9.9 3 9.3 

Oh No F-T FAILED FAILED 47.9 47.9 NIA 1 NIA 0.45 
4 h / 135°C 75 F-T 

Dry 70.2 69.0 87.6 75.6 10.4 3 13.8 
96h NoF-T 55.6 66.4 59.2 60.4 5.5 3 9.1 0.80 

F-T 68.3 57.9 FAILED 63.1 7.4 2 11.7 0.83 
Dry 117.3 97.5 105.8 106.9 9.9 3 9.3 

Oh No F-T 54.9 FAILED 61.5 58.2 4.7 2 8.0 0.54 
90 F-T 55.5 46.2 FAILED 50.9 6.6 2 12.9 0.48 

Dry 70.2 69.0 87.6 75.6 10.4 3 13.8 
96h No F-T 51.4 45.8 39.3 45.5 6.1 3 13.3 0.60 

F-T FAILED FAILED FAILED 
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Loose Saturation Campa~ Sample .. . Tensile Strenmn. Psi . , .S~tics'(Tensile,Strena1 1)·.;:"'.'.},.: .:,·. ,,r:, ··aI\ Mix Level M~. Conditioning , · Sample Number M!98n· ·~i~:::: ·,:,::~~·· Coefficient of' ·. s·· " 
Aging. Aging ; .·1 2 3.; ·• .. ::···. ·Sam. ·:va~· . k• , ·"' 

Dry 167.1 137.1 125.5 143.2 21.5 3 15.0 
Oh No F-T 110.2 75.6 109.1 98.3 19.7 3 20.0 0.69 

None 75 F-T 
Dry 

96h No F-T 
F-T 
Dry 105.4 97.1 88.1 96.9 8.7 3 8.9 

Oh No F-T 84.4 53.4 71.4 69.7 15.6 3 22.3 0.72 

2 h/ 135°c 75 F-T 
Dry 

96h No F-T 
F-T 
Orv 

Oh NoF-T 

4 h/ 135°c 90 F-T 
Orv 93.7 92.4 89.9 92.0 1.9 3 2.1 

96h No F-T 
F-T 110.1 100.2 86.8 99.0 11.7 3 11.8 1.08 
Orv 69.2 63.6 52.4 61.7 8.6 3 13.9 

Oh NoF-T 43.2 40.9 41.4 41.8 1.2 3 2.9 0.68 
55 F-T 

Orv 65.4 73.3 58.9 65.9 7.2 3 10.9 
96h NoF-T 

F-T 65.2 63.2 49.1 59.2 8.8 3 14.8 0.90 
Dry 69.2 63.6 52.4 61.7 8.6 3 13.9 

Oh NoF-T 
None 75 F-T 26.4 40.9 27.4 31.6 8.1 3 25.7 0.51 

Orv 65.4 73.3 58.9 65.9 7.2 3 10.9 
96h No F-T 52.5 48.4 47.6 49.5 2.6 3 5.3 0.75 

F-T 

Orv 69.2 63.6 52.4 61.7 8.6 3 13.9 
Oh No F-T 16.7 28.2 27.6 24.2 6.5 3 26.8 0.39 

90 F-T 39.4 38.0 35.1 37.5 2.2 3 5.8 0.61 
Dry 65.4 73.3 58.9 65.9 7.2 3 10.9 

96h No F-T 43.2 40.9 41.4 41.8 1.2 3 2.9 0.64 
F-T 19.3 30.4 22.0 23.9 5.8 3 24.2 0.36 
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Loose< . ···· .·.·sa1:u~ ,.•·: •. C<>rnpacted $~rnple· Ten$ile Strenatn. Psi ·· · · · · ..... . Stij~ cT,h$1!•lS\iioath \· •·.:>: :.•,· :,: ··.r::.. ·•:::::r~~i:: 
Mix Le~I Mix Conditioning SamDle Number Mejo .· Standard' \:['f:·N·•·<: ~ijmt'o.f 

·~ Aging Aging 1. 2. 3 . .: .. ·-0.~vl~f· .• :'J·.•:s,m~i:/· ;.·.:v~:: \:i/;:; ·;: 
Ory 100.1 88.1 93.5 93.9 6.0 3 6.4 

Oh No F-T 37.0 45.5 61.6 48.0 12.5 3 26.0 0.51 
55 F-T 65.6 73.0 67.6 68.7 3.8 3 5.6 0.73 

Dry 95.9 FAILED 106.0 101.0 7.1 2 7.1 
96h No F-T 

F-T 72.8 79.1 66.3 72.7 6.4 3 8.8 0.72 
Dry 100.1 88.1 93.5 93.9 6.0 3 6.4 

Oh No F-T 35.2 44.7 41.7 40.5 4.9 3 12.0 0.43 
16 h / 60"C 75 F-T 

Dry 95.9 FAILED 106.0 101.0 7.1 2 7.1 
96h No F-T 47.7 FAILED 55.6 51.7 5.6 2 10.8 0.51 

F-T 48.8 39.9 39.9 42.9 5.1 3 12.0 0.42 
Dry 100.1 88.1 93.5 93.9 6.0 3 6.4 

Oh No F-T 
90 F-T 64.0 57.8 58.3 60.0 3.4 3 5.7 0.64 

Dry 95.9 FAILED 106.0 101.0 7.1 2 7.1 
96h No F-T 39.6 47.9 51.6 46.4 6.1 3 13.3 0.46 

F-T 
Dry 101.1 89.1 93.7 94.6 6.1 3 6.4 

Oh No F-T 57.6 54.6 61.0 57.7 3.2 3 5.5 0.61 
55 F-T 

Dry 99.9 89.9 98.2 96.0 5.4 3 5.6 
96h No F-T 70.7 64.7 63.4 66.3 3.9 3 5.9 0.69 

F-T 69.8 68.7 54.1 64.2 8.8 3 13.7 0.67 
Orv 101.1 89.1 93.7 94.6 6.1 3 6.4 

Oh No F-T 43.9 44.3 50.9 46.4 3.9 3 8.5 0.49 
2 h 1135°c 75 F-T 82.3 67.5 54.8 68.2 13.8 3 20.2 0.72 

Dry 99.9 89.9 98.2 96.0 5.4 3 5.6 
96h No F-T 

F-T 79.1 62.7 70.9 70.9 8.2 3 11.6 0.74 
Dry 101.1 89.1 93.7 94.6 6.1 3 6.4 

Oh No F-T 
90 F-T 57.5 69.5 59.1 62.0 6.5 3 10.5 0.66 

Dry 99.9 89.9 98.2 96.0 5.4 3 5.6 
96h No F-T 49.0 49.7 49.0 49.2 0.4 3 0.8 0.51 

F-T 
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Loose 
·.· 

Sattiration Compacted ... ·sample Tensile Strencrth, Psi < Statisticsffensile Strenathl <>:'":>.·i:·:::· >Tensile 
Mix Level Mix Conditioning Sarriole Number Mean Standard' re 

N Coefficienfof Strength 
Aging Aging 1 2 3 Deviation ·· Samples Variation .. ·. Ratio 

Dry FAILED 112.6 96.8 104.7 11.2 2 10.7 
Oh No F-T 

55 F-T 65.8 58.5 FAILED 62.2 5.2 2 8.3 0.59 
Dry 76.9 62.5 77.3 72.2 8.4 3 11.7 

96h No F-T 58.5 68.9 73.1 66.8 7.5 3 11.2 0.93 
F-T 
Dry FAILED 112.6 96.8 104.7 11.2 2 10.7 

Oh No F-T 54.7 70.0 38.0 54.2 16.0 3 29.5 0.52 
4 h, 135°c 75 F-T 65.8 58.5 65.0 63.1 4.0 3 6.3 0.60 

Dry 76.9 62.5 77.3 72.2 8.4 3 11.7 
96 h No F-T 55.3 38.7 41.2 45.1 9.0 3 19.9 0.62 

F-T 49.4 50.1 47.7 49.1 1.2 3 2.5 0.68 
Ory FAILED 112.6 96.8 104.7 11.2 2 10.7 

Oh NoF-T 47.0 FAILED 33.9 40.5 9.3 2 22.9 0.39 
90 F-T 

Dry 76.9 62.5 77.3 72.2 8.4 3 11.7 
96 h No F-T 

F-T 55.2 48.4 35.8 46.5 9.8 3 21.2 0.64 
Dry 

Oh No F-T 

None 75 F-T 
Dry 142.3 153.6 136.2 144.0 8.8 3 6.1 

96 h No F-T 90.1 74.7 73.3 79.4 9.3 3 11.7 0.55 
F-T 
Dry 

Oh No F-T 

16 h /60°C 55 F-T 
Orv 86.3 87.2 67.3 80.3 11.2 3 14.0 

96 h No F-T 
F-T 66.3 76.2 84.5 75.7 9.1 3 12.0 0.94 
Ory 101.5 98.7 100.3 100.2 1.4 3 1.4 

Oh NoF-T 

2h/135°C 75 F-T 44.8 72.3 42.3 53.1 16.6 3 31.3 0.53 
Ory 

96 h NoF-T 
F-T 
Dry 72.5 88.6 85.3 82.1 8.5 3 10.4 

Oh No F-T FAILED FAILED 43.8 43.8 N/A 1 N/A 0.53 

4 h I135°c 
55 F-T 

Ory 
96 h No F-T 

F-T 
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Loose Saturation Compacted Sample Tensile Strenath. Psi Statistics (Tensile Strength) Tensile 
Mix Level Mix· Conditioning Sample Number Mean Standard· .. N Coefficient of ~~ength_ ,. 

Aging Aging 1 2 3 ·• Deviation Samples Variation Ratio •. 
Dry 114.9 119.2 121.7 118.6 3.4 3 2.9 

Oh No F-T 
55 F-T 122.7 142.9 120.9 128.8 12.2 3 9.5 1.09 

Dry 131.3 126.8 117.5 125.2 7.0 3 5.6 
96h No F-T 78.3 84.2 81.0 81.2 3.0 3 3.6 0.65 

F-T 63.5 56.1 74.3 64.6 9.2 3 14.2 0.52 
Dry 114.9 119.2 121.7 118.6 3.4 3 2.9 

Oh No F-T 101.6 98.2 111.8 103.9 7.1 3 6.8 0.88 
None 75 F-T 

Dry 131.3 126.8 117.5 125.2 7.0 3 5.6 
96h No F-T 

F-T 123.8 124.7 119.1 122.5 3.0 3 2.5 0.98 
Dry 114.9 119.2 121.7 118.6 3.4 3 2.9 

Oh No F-T 
90 F-T 54.7 63.9 68.1 62.2 6.9 3 11.0 0.52 

Ory 131.3 126.8 117.5 125.2 7.0 3 5.6 
96h No F-T 103.2 115.1 99.9 106.1 8.0 3 7.5 0.85 

F-T 
Dry 114.9 119.2 121.7 118.6 3.4 3 2.9 

Oh No F-T 92.7 93.2 101.1 95.7 4.7 3 4.9 0.81 
55 F-T 116.3 138.7 139.0 131.3 13.0 3 9.9 1.11 

Dry 111.4 111.8 106.4 109.9 3.0 3 2.7 
96h No F-T 103.7 101.0 108.6 104.4 3.9 3 3.7 0.95 

F-T 
Dry 114.9 119.2 121.7 118.6 3.4 3 2.9 

Oh No F-T 
16 h / 60"C 75 F-T 118.3 122.0 122.2 120.8 2.2 3 1.8 1.02 

Dry 111.4 111.8 106.4 109.9 3.0 3 2.7 
96h No F-T 90.4 106.1 106.1 100.9 9.1 3 9.0 0.92 

F-T 77.3 84.4 95.1 85.6 9.0 3 10.5 0.78 
Dry 

Oh No F-T 
90 F-T 

Dry 111.4 111.8 106.4 109.9 3.0 3 2.7 
96h No F-T 101.0 103.6 118.1 107.6 9.2 3 8.6 0.98 

F-T 102.3 120.5 98.9 107.2 11.6 3 10.8 0.98 
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Loose Saturation Compacted Sample Tensile Strength, Psi -· ·. Statistics (Tensile Strength) Tensile 
Mix Level Mix Conditioning Sample Number Mean Standard N Coefficient of Strength 

Aging Aging 1 2 3 . • ., . Deviation Samples Variation Ratio 

Drv 68.9 66.0 FAILED 67.5 2.1 2 3.0 
Oh No F-T 79.2 70.6 76.2 75.3 4.4 3 5.8 1.12 

55 F-T 
Dry 113.7 115.7 100.0 109.8 8.5 3 7.8 

96h No F-T 
F-T 99.2 96.5 103.7 99.8 3.6 3 3.6 0.91 

Drv 68.9 66.0 FAILED 67.5 2.1 2 3.0 
Oh No F-T 

2h/135°C 75 F-T 118.4 120.1 124.8 121.1 3.3 3 2.7 1.80 
Dry 113.7 115.7 100.0 109.8 8.5 3 7.8 

96h No F-T 103.8 110.0 98.9 104.2 5.6 3 5.3 0.95 
F-T 
Dry 68.9 66.0 FAILED 67.5 2.1 2 3.0 

Oh NoF-T 104.8 109.0 103.1 105.6 3.0 3 2.9 1.57 
90 F-T 91.5 93.0 99.1 94.5 4.0 3 4.3 1.40 

Dry 113.7 115.7 100.0 109.8 8.5 3 7.8 
96h NoF-T 100.0 102.7 94.3 99.0 4.3 3 4.3 0.90 

F-T 100.6 104.7 111.1 105.5 5.3 3 5.0 0.96 
Dry 89.0 86.0 105.1 93.4 10.3 3 11.0 

Oh NoF-T 91.0 96.1 99.2 95.4 4.1 3 4.3 1.02 
55 F-T 88.2 67.7 87.7 87.9 0.3 3 0.3 0.94 

Dry 70.1 76.0 75.0 73.7 3.2 3 4.3 
96h NoF-T 

F-T 82.9 88.2 77.5 82.9 5.4 3 6.5 1.12 
Drv 69.0 86.0 105.1 93.4 10.3 3 11.0 

Oh NoF-T 121.3 133.5 128.7 127.8 6.1 3 4.8 1.54 
4 hi 135°c 75 F-T 

Dry 70.1 76.0 75.0 73.7 3.2 3 4.3 
96h NoF-T 60.9 74.2 59.8 65.0 8.0 3 12.3 0.88 

F-T 66.6 78.8 89.0 84.8 5.3 3 6.3 1.15 
Dry 89.0 86.0 105.1 93.4 10.3 3 11.0 

Oh No F-T 
90 F-T 64.9 60.9 89.6 65.1 4.4 3 5.1 0.91 

Dry 70.1 76.0 75.0 73.7 3.2 3 4.3 
96h No F-T 63.3 63.6 61.0 62.6 1.4 3 2.3 0.85 

F-T 
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loose Saturation Compacted Sample Tensile Strength, Psi Statistics7Tensile Strenath \ 
.. 

Tensile 
Mix Level Mix Conditioning SamDle Number Mean Standard N Coeffic~ of. Strength 

Aging Aging 1 2 ·. 3 Deviaticiri .. Samples Vanation • Ratio 
Drv 91.7 85.4 86.5 87.9 3.4 3 3.8 

Oh No F-T 

None 55 F-T 95.1 85.9 95.1 92.0 5.3 3 5.8 1.05 
Drv 

96 h No F-T 
F-T 
Dry 

Oh No F-T 

2 h, 13s0 c 90 F-T 
Dry 59.4 71.5 70.9 67.3 6.8 3 10.1 

96 h No F-T 84.6 84.7 82.3 83.9 1.4 3 1.6 1.25 
F-T 

Drv 
Oh No F-T 

2 h I135°c 
90 F-T 

Dry 99.5 97.9 103.3 100.2 2.8 3 2.8 
96 h No F-T 81.1 82.8 84.9 82.9 1.9 3 2.3 0.83 

F-T 
Dry 85.8 86.5 73.5 81.9 7.3 3 8.9 

Oh No F-T 81.4 78.0 81.8 80.4 2.1 3 2.6 0.98 

4h/135°C 
75 F-T 

Dry 202.8 210.2 207.0 206.7 3.7 3 1.8 
96 h NoF-T 

F-T 100.1 115.4 97.5 104.3 9.7 3 9.3 0.50 
Dry 134.3 113.6 123.9 123.9 10.4 3 8.4 

Oh No F-T 73.6 81.1 81.2 78.6 4.4 3 5.5 0.63 
55 F-T 

Dry 76.9 71.5 85.2 77.9 6.9 3 8.9 
96 h No F-T 

F-T 89.8 94.1 81.9 88.6 6.2 3 7.0 1.14 

Dry 134.3 113.6 123.9 123.9 10.4 3 8.4 
Oh No F-T 57.5 55.6 56.6 56.6 1.0 3 1.7 0.46 

None 75 F-T 57.7 49.3 77.1 61.4 14.3 3 23.2 0.50 
Dry 76.9 71.5 85.2 77.9 6.9 3 8.9 

96 h No F-T 
F-T 109.5 133.9 117.9 120.4 12.4 3 10.3 1.55 

Dry 134.3 113.6 123.9 123.9 10.4 3 8.4 
Oh No F-T 

90 F-T 
Drv 76.9 71.5 85.2 77.9 6.9 3 8.9 

96h No F-T 74.7 77.7 76.7 76.4 1.5 3 2.0 0.98 
F-T 66.2 54.2 87.8 69.4 17.0 3 24.5 0.89 29 
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Loose Saturation Compacted Sample Tensile Strength, Psi Statistics (Tensile Strenath . ··· Tensile 

Mix Level Mix Conditioning Sample Number Mean standard·.· N Coefficjerit of. ·.·· Strength 

Aging Aging 1 2 3 Deviation Samples Variation· Ratio 

Dry 183.5 208.2 215.5 202.4 16.8 3 8.3 
Oh No F-T 

55 F-T 102.5 110.3 114.0 108.9 5.9 3 5.4 0.54 
Dry 104.8 112.1 126.1 114.3 10.8 3 9.5 

96h No F-T 103.6 101.2 107.4 104.1 3.1 3 3.0 0.91 
F-T 65.5 65.6 70.7 67.3 3.0 3 4.4 0.59 
Ory 

Oh No F-T 
16 h / 60°C 75 F-T 

Dry 104.8 112.1 126.1 114.3 10.8 3 9.5 
96 h No F-T 93.9 87.7 83.6 88.4 5.2 3 5.9 0.77 

F-T 99.0 84.2 94.4 92.5 7.6 3 8.2 0.81 
Dry 183.5 208.2 215.5 202.4 16.8 3 8.3 

Oh No F-T 88.4 92.7 96.7 92.6 4.2 3 4.5 0.46 
90 F-T 91.0 89.6 88.8 89.8 1.1 3 1.2 0.44 

Orv 104.8 112.1 126.1 114.3 10.8 3 9.5 
96 h No F-T 81.2 67.6 81.3 76.7 7.9 3 10.3 0.67 

F-T 92.5 88.0 92.4 91.0 2.6 3 2.8 0.80 
Dry 111.5 110.4 102.1 108.0 5.1 3 4.8 

Oh No F-T 54.2 54.6 54.4 54.4 0.2 3 0.4 0.50 
55 F-T 99.7 91.5 88.2 93.1 5.9 3 6.4 0.86 

Orv 184.4 171.2 171.4 175.7 7.6 3 4.3 
96 h No F-T 54.4 54.8 51.9 53.7 1.6 3 2.9 0.31 

F-T 

Orv 111.5 110.4 102.1 108.0 5.1 3 4.8 
Oh No F-T 

2 h I135°c 75 F-T 124.0 133.0 FAILED 128.5 6.4 2 5.0 1.19 
Orv 184.4 171.2 171.4 175.7 7.6 3 4.3 

96 h No F-T 110.8 111.1 107.8 109.9 1.8 3 1.7 0.63 
F-T 88.0 86.8 94.4 89.7 4.1 3 4.6 0.51 

Orv 111.5 110.4 102.1 108.0 5.1 3 4.8 
Oh No F-T 115.2 120.9 124.5 120.2 4.7 3 3.9 1.11 

90 F-T 82.4 85.5 92.4 86.8 5.1 3 5.9 0.80 

Orv 184.4 171.2 171.4 175.7 7.6 3 4.3 
96 h No F-T 

F-T 92.5 88.0 92.4 91.0 2.6 3 2.8 0.52 
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Loose Saturation Compacted Sample Tensile Strength, Psi · Statistics (Tensile Stren!rth) •· •.·. · · Tensile 
Mix Level Mix Conditioning Sample Number Mean Standard N Coefficient of Strength 

Aging Aging 1 2 3 Deviation Samples Variation Ratio 

Dry 134.5 145.4 FAILED 1400 7.7 2 5.5 
Oh No F-T 120.4 132.2 107.7 120.1 12.3 3 10.2 0.86 

55 F-T 
Dry 177.1 176.6 165.8 173.2 6.4 3 3.7 

96h No F-T 123.1 122.0 107.7 117.6 8.6 3 7.3 0.68 
F-T 99.7 91.5 88.2 93.1 5.9 3 6.4 0.54 

Dry 134.5 145.4 FAILED 140.0 7.7 2 5.5 
Oh No F-T 113.9 154.5 127.0 131.8 20.7 3 15.7 0.94 

4 h 1135°c 75 F-T 117.6 115.8 96.0 109.8 12.0 3 10.9 0.78 
Dry 

96h No F-T 
F-T 

Dry 134.5 145.4 FAILED 140.0 7.7 2 5.5 
Oh No F-T 

90 F-T 81.8 78.3 84.8 81.6 3.3 3 4.0 0.58 
Dry 177.1 176.6 165.8 173.2 6.4 3 3.7 

96h No F-T 121.0 104.9 116.9 114.3 8.4 3 7.3 0.66 
F-T 
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Loose Saturation Compacted Sample Tensile Strenoth, Psi Statistics (Tensile Streng1 h) Tensile 
Mix Level Mix Conditioning Sample Number Mean Standard N Coefficient of Strength 

Aging Aging 1 2 3 Deviation Samples Variation Ratio 
Dry 

Oh No F-T 

None 75 F-T 
Orv 65.6 66.3 52.1 61.3 8.0 3 13.0 

96 h No F-T 
F-T 73.2 74.5 76.8 74.8 1.8 3 2.4 1.22 

Orv 
Oh No F-T 

16 h / 60°C 
55 F-T 

Dry 209.6 215.2 221.6 215.5 6.0 3 2.8 
96h No F-T 89.4 99.1 103.2 97.2 7.1 3 7.3 0.45 

F-T 
Ory 

Oh No F-T 

16 h / 60°C 90 F-T 
Orv 209.6 215.2 221.6 215.5 6.0 3 2.8 

96 h NoF-T 
F-T FAILED 50.3 50.0 50.2 0.2 2 0.4 0.23 

Ory 
Oh No F-T 

2 h I135°c 
75 F-T 

Dry 0.0 00 0.0 0.0 00 3 #DIV/0! 
96 h No F-T 101.1 109.1 111.4 107.2 5.4 3 5.0 #OIV/0! 

F-T 
Dry 140.1 136.2 139.8 138.7 2.2 3 1.6 

Oh No F-T 131.0 132.7 119.0 127.6 7.5 3 5,9 0.92 

4 h / 135°C 90 F-T 
Orv 

96 h No F-T 
F-T 
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CHAPTER 3 

INTERPRETATION, APPRAISAL, AND APPLICATIONS 

INTRODUCTION 

The objectives of this study are (a) to evaluate AASHTO 
T283, “Resistance of Compacted Bituminous Mixture to 
Moisture Induced Damage,” and (b) to recommend changes 
to make it compatible with the Superpave system. One of 
the central issues of the study is to determine the influence of 
the compaction method and size of sample on the results of the 
AASHTO T283 method of test. Comparisons have been made 
among the 150-mm-diameter Superpave gyratory (G150) 
compacted samples, 100-mm-diameter Superpave gyratory 
(G100) compacted samples, 100-mm-diameter Marshall 
impact (M100) compacted samples, and 100-mm-diameter 
Hveem kneading (H100) compacted samples. The G150 
compacted samples are 95 mm in height, and all 100-mm-
diameter samples are 62 mm in height; thus, the height-to-
diameter ratio of all samples is the same. 

Results from the four main tasks performed in the labora-
tory are used to define the influence of compaction method 
and sample size on the tensile strength and tensile strength 
ratio of samples subjected to no conditioning and condition-
ing (no freeze-thaw and freeze-thaw). In some of the labora-
tory tasks, the loose mix and compacted mix aging/curing 
conditions were fixed. In other laboratory tasks, the loose 
mix and compacted mix aging/curing conditions were varied, 
as described previously. 

The influence of compaction method and sample size on 
tensile strength and tensile strength ratio will be discussed 
under the following topics in this chapter: 

• Dry tensile strength, 
• No freeze-thaw tensile strength, 
• Freeze-thaw tensile strength, 
• Dry versus no freeze-thaw tensile strength, 
• Dry versus freeze-thaw tensile strength, 
• No freeze-thaw versus freeze-thaw tensile strength, 
• Level of saturation, 
• Tensile strength ratio, 
• Water sensitivity, 
• Variability and compaction method, and 
• Variability and mixture source. 

Results from three interim reports (7–9) and additional sta-
tistical analysis on the complete and partial factorial tasks 

conducted in this study are summarized below. All the statis-
tical analyses presented in this report were conducted at a level 
of significance of 5 percent (0.05) unless specified otherwise. 

DRY TENSILE STRENGTH 

Selection of Resilient Modulus 
as a Response Variable 

Both resilient modulus and tensile strength were measured 
on all samples in this research project. As previously stated, 
resilient modulus was selected as one of the response variables 
in this study because resilient modulus is believed to be more 
sensitive to changes in asphalt binder properties and a mix-
ture’s sensitivity to damage by water than is tensile strength. 
In addition, resilient modulus can be used as a measure of the 
load distribution capability of a pavement material. 

Most public agencies presently use tensile strength as the 
response variable when performing the AASHTO T283 water 
sensitivity test and do not perform the resilient modulus test. 
Thus the public agencies do not perform a resilient modulus 
test prior to tensile strength testing in AASHTO T283. The 
test sequence used for the majority of NCHRP Project 9-13 
included resilient modulus testing prior to tensile strength 
determination. Thus, it was necessary to define the effect of 
performing resilient modulus testing prior to tensile strength 
determination. 

An 18-sample test program was utilized to determine the 
effect of performing resilient modulus testing prior to tensile 
strength determination. Results of this test program are con-
tained in the second interim report (8) for this project and are 
summarized below. 

A statistical comparison of tensile strengths of samples 
subjected to resilient modulus testing and not subjected to 
resilient modulus testing is shown in Tables 11 and 12 for 
samples compacted with the 150-mm-diameter Superpave 
gyratory compactor and the 100-mm-diameter Marshall 
impact compactor, respectively. A statistical difference of 
tensile strength does not exist among sample groups sub-
jected to and not subjected to resilient modulus testing prior 
to tensile strength determination. This observation was valid 
for those groups of samples not conditioned (dry) and those 
sample groups conditioned (no F-T and F-T). 
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A nonstatistical analysis indicates that 16 of the 18 data set 
comparisons of tensile strength ratio obtained in this study 
are not significantly influenced by resilient modulus testing 
prior to the determination of tensile strength. These observa-
tions on tensile strength and tensile strength ratio are based 
on observations made with Alabama, Colorado, and Nevada 
aggregates and binders and loose mix aged for 4 hr at 135 °C 
and compacted mix aged for 96 hr at room temperature. 

Comparison of Four Compaction Methods 

This task of the project provided information that illus-
trates the effect of compaction method and sample size on the 
dry tensile strengths (Tables 13–19). The variables included 
in this task are mixture source (Alabama, Colorado, Mary-
land, Nevada, and Texas) and conditioning (dry, no freeze-
thaw, and freeze-thaw). The aging of the samples was fixed 
(loose mix aging 4 hr at 135 °C and compacted mix aging at 
96 hr at room temperature). 

Tables 13–15 show statistical comparisons of samples pre-
pared with the G150 compactor with samples prepared with 
the G100 compactor, M100 compactor, and H100 com-
pactor, respectively. Table 16 shows the statistical compari-
son of the G150 compacted samples with all the 100-mm-
diameter samples. Tables 17 and 18 show the comparison of 
the G100 compacted samples with the M100 compacted and 
H100 compacted samples, respectively. This information is 
summarized below. 

G150 Samples versus G100 Samples 

Table 13 indicates that the dry tensile strengths of samples 
compacted by the G100 compactor were statistically larger 
than those of the samples compacted by the G150 compactor 
for 4 of 5 possible comparisons. In 1 of 5 comparisons, the 
dry tensile strengths were statistically the same. 

G150 Samples versus M100 Samples 

Table 14 indicates that the dry tensile strengths of sam-
ples compacted by the M100 compactor were statistically 
larger than those of the samples compacted by the G150 
compactor for 1 of 5 possible comparisons. In 3 of 5 com-
parisons, the dry tensile strengths were statistically the 
same; in 1 of 5 comparisons, the M100 compacted samples 
had a lower dry tensile strength than the companion G150 
compacted samples. 

G150 Samples versus H100 Samples 

Table 15 indicates that the dry tensile strengths of samples 
compacted by the H100 compactor were statistically larger 

than those of the samples compacted by the G150 compactor 
for 2 of 5 possible comparisons. In 3 of 5 comparisons, the 
dry tensile strengths were statistically the same. 

G150 Samples versus All 
100-mm-Diameter Samples 

Table 16 indicates that the dry tensile strengths of samples 
compacted by methods that produced 100-mm-diameter 
samples (Superpave gyratory, Marshall impact, and Hveem 
kneading) were statistically larger than those of the samples 
compacted by the G150 compactor for 7 of 15 possible com-
parisons. In 7 of 15 comparisons, the dry tensile strengths 
were statistically the same; for 1 of 15 comparisons, the 
100-mm-diameter compacted samples had a lower dry ten-
sile strength than the companion G150 compacted samples. 

G100 Samples versus M100 Samples 

Table 17 indicates that the dry tensile strengths of samples 
compacted by the M100 compactor were statistically the 
same as those of the G100 compactor for 2 of 5 possible com-
parisons. In 3 of 5 comparisons, the M100 samples had a 
lower dry tensile strength than the companion G100 com-
pacted samples. 

G100 Samples versus H100 Samples 

Table 18 indicates that the dry tensile strengths of samples 
compacted by the H100 compactor were statistically the 
same as those of the G100 compactor for 4 of 5 possible com-
parisons. In 1 of 5 comparisons, the H100 samples had a 
lower dry tensile strength than the companion G100 com-
pacted samples. 

H100 Samples versus M100 Samples 

Table 19 indicates that the dry tensile strength of samples 
compacted by the M100 compactor were statistically larger 
than those of samples compacted with the H100 compactor 
in 1 of 5 possible comparisons. In 2 of 5 comparisons, the dry 
tensile strengths were statistically the same; in 2 of 5 com-
parisons, the M100 compacted samples had a lower dry ten-
sile strength than the companion H100 compacted samples. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

This task of the project provided information that illustrates 
the effect of compaction method and sample size on the dry 
tensile strengths (Tables 20–22). The variables included in 
this portion of the study were compaction method (G150 and 
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M100); loose mix aging (none, 16 hr at 60 °C, 2 hr at 135 °C, 
and 4 hr at 135 °C); compacted mix aging (none and 96 hr at 
room temperature); and conditioning (dry, no freeze-thaw, 
and freeze-thaw). A single mixture source was used (Nevada). 

Tables 20–22 show the statistical comparisons from this 
portion of the study. This information is summarized below. 

G150 Samples versus M100 Samples 

Table 20 indicates that the dry tensile strengths of samples 
compacted by the M100 compactor were statistically larger 
than those of the samples compacted by the G150 compactor 
for 3 of the 24 possible comparisons. In 18 of 24 compar-
isons, the tensile strengths were statistically the same; in 3 of 
24 comparisons, the M100 compacted samples had a lower 
dry tensile strength than the companion G150 compacted 
samples. 

Loose Mix and Compacted Mix Aging 

Tables 21 and 22 show the influence of loose mix aging 
and compacted mix aging on the dry tensile strength. Loose 
mix aging (Table 21) increases (to a statistically significant 
degree) the dry tensile strength in 4 of 12 possible compar-
isons. In 8 of 12 comparisons, the dry tensile strengths are 
statistically the same. For 3 of the 4 data groups that illus-
trated an increase in dry tensile strengths with loose mix 
aging, 3 were associated with 96 hr of compacted mix curing 
at room temperature of G150 compacted samples. 

Compacted mix aging (Table 22) does not significantly 
affect the dry tensile strength. In 7 of 8 possible comparisons, 
the dry tensile strengths of samples subjected to two levels of 
compacted mix aging were statistically the same. In 1 of 8 
comparisons, compacted mix aging decreased the dry tensile 
strength. 

Tensile Strength 

This task of the project provided some information that 
illustrates the effect of compaction method and sample size 
on the dry tensile strengths (Table 23). The variables in this 
portion of the study included compaction method (G150 and 
M100); mixture source (Alabama, Colorado, and Nevada); 
and conditioning (dry, no freeze-thaw, and freeze-thaw). 
The loose mix aging was held constant (4 hr at 135 °C) and 
the compacted mix aging was held constant (96 hr at room 
temperature). 

G150 Samples versus M100 Samples 

Table 23 indicates that the dry tensile strengths of samples 
compacted by the M100 compactor were statistically larger 
than those of the samples compacted by the G150 compactor 

for 3 of 6 possible comparisons. In 3 of 6 comparisons, the 
dry tensile strengths were statistically the same. 

NO FREEZE-THAW TENSILE STRENGTH 

Comparison of Four Compaction Methods 

This task of the project provided information that illus-
trates the effect of compaction method and sample size on the 
no freeze-thaw tensile strengths (Tables 13–19). The vari-
ables included in this task are mixture source (Alabama, Col-
orado, Maryland, Nevada, and Texas) and conditioning (dry, 
no freeze-thaw, and freeze-thaw). The aging of the samples 
was fixed (loose mix aging 4 hr at 135 °C and compacted mix 
aging at 96 hr at room temperature). 

Tables 13–16 show statistical comparisons of samples pre-
pared with the G150 compactor versus samples prepared 
with the G100 compactor, M100 compactor, and H100 com-
pactor. This information is summarized below. 

G150 Samples versus G100 Samples 

Table 13 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the G100 compactor were statisti-
cally the same as those of the samples compacted by the 
G150 compactor for 4 of 5 possible comparisons. In 1 of 5 com-
parisons, the G100 no freeze-thaw tensile strengths were sta-
tistically lower than the companion G150 compacted samples. 

G150 Samples versus M100 Samples 

Table 14 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the M100 compactor were statis-
tically larger than those of the samples compacted by the 
G150 compactor for 1 of 5 possible comparisons. In 4 of 5 
comparisons, the no freeze-thaw tensile strengths were statis-
tically the same. 

G150 Samples versus H100 Samples 

Table 15 indicates that the no freeze-thaw strengths of 
samples compacted by the H100 compactor were statistically 
the same as those of the samples compacted by the G150 
compactor for 4 of 5 possible comparisons. In 1 of 5 com-
parisons, the no freeze-thaw tensile strengths were statisti-
cally lower than the companion G150 compacted samples. 

G150 Samples versus All 
100-mm-Diameter Samples 

Table 16 indicates that the no freeze-thaw tensile strengths 
of samples compacted by methods that produced 100-mm-
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diameter samples (Superpave gyratory, Marshall impact, and 
Hveem kneading) were statistically larger than those of the 
samples compacted by the G150 compactor for 1 of 15 pos-
sible comparisons. In 12 of 15 comparisons, the no freeze-
thaw tensile strengths were statistically the same; in 2 of 15 
comparisons, the 100-mm-diameter compacted samples had 
a lower no freeze-thaw tensile strength than the companion 
G150 compacted samples. 

G100 Samples versus M100 Samples 

Table 17 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the M100 compactor were statisti-
cally larger than those of the G100 compactor for 2 of 5 pos-
sible comparisons. In 3 of 5 comparisons, the M100 samples 
had the same no freeze-thaw tensile strength as companion 
G100 compacted samples. 

G100 Samples versus H100 Samples 

Table 18 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the H100 compactor were statisti-
cally the same as those of the G100 compactor for 4 of 5 pos-
sible comparisons. In 1 of 5 comparisons, the H100 samples 
had a lower no freeze-thaw tensile strength than the com-
panion G100 compacted samples. 

H100 Samples versus M100 Samples 

Table 19 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the M100 compactor were statisti-
cally larger than those of samples compacted with the H100 
compactor in 2 of 5 possible comparisons. In 3 of 5 compar-
isons, the no freeze-thaw tensile strengths were statistically 
the same. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

This task of the project provided information that illus-
trates the effect of compaction method and sample size on the 
no freeze-thaw tensile strengths (Tables 20, 24, and 25). The 
variables included in this portion of the study were com-
paction method (G150 and M100); loose mix aging (none, 16 
hr at 60 °C, 2 hr at 135 °C, and 4 hr at 135 °C); compacted 
mix aging (none and 96 hr at room temperature); and condi-
tioning (dry, no freeze-thaw, and freeze-thaw). A single mix-
ture source was used (Nevada). 

Tables 20, 24, and 25 show the statistical comparisons 
from this portion of the study. This information is summa-
rized below. 

G150 Samples versus M100 Samples 

Table 20 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the M100 compactor were statisti-
cally larger than those of the samples compacted by the G150 
compactor for 3 of 24 possible comparisons. In 20 of 24 com-
parisons, the tensile strengths were statistically the same; in 
1 of 24 comparisons, the M100 compacted samples had a 
lower no freeze-thaw tensile strength than the companion 
G150 compacted samples. 

Loose Mix and Compacted Mix Aging 

Tables 24 and 25 show the influence of loose mix aging 
and compacted mix aging on the no freeze-thaw tensile 
strength. Loose mix aging (Table 24) increases (to a statisti-
cally significant degree) the no freeze-thaw tensile strength 
in 10 of 36 possible comparisons. In 26 of 36 comparisons, 
the no freeze-thaw tensile strengths are statistically the same. 
Seven of the 10 data groups that illustrated an increase in no 
freeze-thaw tensile strengths with loose mix aging were asso-
ciated with the G150 compacted samples. 

Compacted mix aging (Table 25) does not significantly 
affect the dry tensile strength. In 19 of 24 possible compar-
isons, the no freeze-thaw tensile strengths of samples sub-
jected to two levels of compacted mix aging were statistically 
the same. In 4 of 24 comparisons, compacted mix aging 
increased the no freeze-thaw tensile strength; in 1 of 24 com-
parisons, the compacted mix aging decreased the no freeze-
thaw tensile strength. 

Tensile Strength 

This task of the project provided some information that 
illustrates the effect of compaction method and sample size 
on the no freeze-thaw tensile strengths (Table 23). The vari-
ables in this portion of the study included compaction 
method (G150 and M100); mixture source (Alabama, Col-
orado, and Nevada); and conditioning (dry, no freeze-thaw, 
and freeze-thaw). The loose mix aging was held constant 
(4 hr at 135 °C) and the compacted mix aging was held con-
stant (96 hr at room temperature). 

G150 Samples versus M100 Samples 

Table 23 indicates that the no freeze-thaw tensile strengths 
of samples compacted by the M100 compactor were statisti-
cally the same as those of the samples compacted by the 
G150 compactor for 6 of 6 possible comparisons. 

FREEZE-THAW TENSILE STRENGTH 

Comparison of Four Compaction Methods 

This task of the project provided information that illus-
trates the effect of compaction method and sample size on the 
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freeze-thaw tensile strengths (Tables 13–19). The variables 
included in this task are mixture source (Alabama, Colorado, 
Maryland, Nevada, and Texas) and conditioning (dry, no 
freeze-thaw, and freeze-thaw).The aging of the samples was 
fixed (loose mix aging at 4 hr at 135 °C and compacted mix 
aging at 96 hr at room temperature). 

Tables 13–15 show statistical comparisons of samples pre-
pared with the G150 compactor with samples prepared with 
the G100, M100, and H100 compactors, respectively. Table 
16 shows the comparison of all four samples. This informa-
tion is summarized below. 

G150 Samples versus G100 Samples 

Table 13 indicates that the freeze-thaw tensile strengths of 
samples compacted by the G100 compactor were statistically 
the same as those of the samples compacted by the G150 
compactor for 3 of 5 possible comparisons. In 2 of 5 com-
parisons, the freeze-thaw tensile strengths were statistically 
lower than those of the companion G150 compacted samples. 

G150 Samples versus M100 Samples 

Table 14 indicates that the freeze-thaw tensile strengths of 
samples compacted by the M100 compactor were statistically 
larger than those of the samples compacted by the G150 com-
pactor for 1 of 5 possible comparisons. In 2 of 5 comparisons, 
the freeze-thaw tensile strengths were statistically the same; in 
2 of 5 comparisons, the M100 samples had a lower freeze-
thaw tensile strength than those of the companion G150 com-
pacted samples. 

G150 Samples versus H100 Samples 

Table 15 indicates that the freeze-thaw tensile strengths of 
samples compacted by the H100 compactor were statistically 
the same as those of the samples compacted by the G150 
compactor for 3 of 5 possible comparisons. In 2 of 5 com-
parisons, the freeze-thaw tensile strengths were statistically 
lower than those of the companion G150 compacted samples. 

G150 Samples versus All 
100-mm-Diameter Samples 

Table 16 indicates that the freeze-thaw tensile strengths of 
samples compacted by methods that produced 100-mm-
diameter samples (Superpave gyratory, Marshall impact, and 
Hveem kneading) were statistically larger than those of the 
samples compacted by the G150 compactor for 1 of 15 pos-
sible comparisons. In 8 of 15 comparisons, the freeze-thaw 
tensile strengths were statistically the same; in 6 of 15 com-
parisons, the 100-mm-diameter compacted samples had a 
lower freeze-thaw tensile strength than the companion G150 
compacted samples. 

G100 Samples versus M100 Samples 

Table 17 indicates that the freeze-thaw tensile strengths of 
samples compacted by the M100 compactor were statistically 
larger than those of the G100 compactor for 1 of 5 possible 
comparisons. In 3 of 5 comparisons, the M100 samples were 
statistically the same; in 1 of 5 comparisons, the M100 com-
pacted samples had a lower freeze-thaw tensile strength than 
the companion G100 compacted samples. 

G100 Samples versus H100 Samples 

Table 18 indicates that the freeze-thaw tensile strengths of 
samples compacted by the H100 compactor were statistically 
the same as those of the G100 compactor for 4 of 5 possible 
comparisons. In 1 of 5 comparisons, the H100 samples had a 
lower freeze-thaw tensile strength than the companion G100 
compacted samples. 

H100 Samples versus M100 Samples 

Table 19 indicates that the freeze-thaw tensile strength of 
samples compacted by the M100 compactor were statisti-
cally larger than those of the samples compacted with the 
H100 compactor in 1 of 5 possible comparisons. In 4 of 5 
comparisons, the freeze-thaw tensile strengths were statisti-
cally the same. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

This task of the project provided information that illus-
trates the effect of compaction method and sample size on the 
freeze-thaw tensile strengths (Tables 20, 26, and 27). The 
variables included in this portion of the study were com-
paction method (G150 and M100); loose mix aging (none, 
16 hr at 60 °C, 2 hr at 135 °C, and 4 hr at 135 °C); compacted 
mix aging (none and 96 hr at room temperature); and condi-
tioning (dry, no freeze-thaw, and freeze-thaw). A single mix-
ture source was used (Nevada). 

Tables 20, 26, and 27 show the statistical comparisons 
from this portion of the study. The information is summa-
rized below. 

G150 Samples versus M100 Samples 

Table 20 indicates that the freeze-thaw tensile strengths of 
samples compacted by the M100 compactor were statistically 
the same as those of the samples compacted by the G150 
compactor for 22 of 24 possible comparisons. In 2 of 24 com-
parisons, the M100 compacted samples had a lower freeze-
thaw tensile strength than the companion G150 compacted 
samples. 
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Loose Mix and Compacted Mix Aging 

Tables 26 and 27 show the influence of loose mix aging 
and compacted mix aging on the dry tensile strength. Loose 
mix aging (Table 26) increases (to a statistically significant 
degree) the freeze-thaw tensile strength in 3 of 36 possible 
comparisons. In 32 of 36 comparisons, the freeze-thaw ten-
sile strengths are statistically the same. Loose mix aging 
decreases the freeze-thaw tensile strength in 1 of 36 possible 
comparisons. 

Compacted mix aging (Table 27) does not significantly 
affect the freeze-thaw tensile strength. In 21 of 24 possible 
comparisons, the freeze-thaw tensile strengths of samples 
subjected to two levels of compacted mix aging were statis-
tically the same. In 3 of 24 comparisons, compacted mix 
aging decreased the freeze-thaw tensile strength. 

Tensile Strength 

This task of the project provided information that illustrates 
the effect of compaction method and sample size on the freeze-
thaw tensile strengths (Table 23). The variables in this portion 
of the study included compaction method (G150 and M100); 
mixture source (Alabama, Colorado, and Nevada); and condi-
tioning (dry, no freeze-thaw, and freeze-thaw). The loose mix 
aging was held constant (4 hr at 135 °C) and the compacted 
mix aging was held constant (96 hr at room temperature). 

G150 Samples versus M100 Samples 

Table 23 indicates that the freeze-thaw tensile strengths of 
samples compacted by the M100 compactor were statisti-
cally larger than those of the samples compacted by the G150 
compactor for 1 of 6 possible comparisons. In 3 of 6 com-
parisons, the freeze-thaw tensile strengths were statistically 
the same; in 2 of 6 comparisons, the freeze-thaw tensile 
strengths of the M100 compacted samples were lower than 
those of the G150 compacted samples. 

DRY VERSUS NO FREEZE-THAW 
TENSILE STRENGTH 

The water conditioning of HMA samples by vacuum sat-
uration and soaking without a freeze-thaw cycle normally 
decreases tensile strength. Results obtained on portions of 
this study allow statistical comparisons to be made among 
groups of samples tested dry (without conditioning) and after 
water conditioning with vacuum saturation and soaking. 

Comparison of Four Compaction Methods 

Table 28 indicates that the no freeze-thaw tensile strength 
is statistically the same as the dry tensile strength in 8 of 20 

possible comparisons. In 12 of 20 comparisons, the no 
freeze-thaw tensile strength was statistically lower than the 
dry tensile strength. 

An examination of the data in Table 28 indicates that 9 of 
12 comparisons with lower no freeze-thaw tensile strength as 
compared with dry tensile strength were associated with the 
G100 and H100 compacted samples. The mixtures made 
from the Nevada and Texas materials had lower conditioned 
tensile strengths in 7 of 8 possible comparisons. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

Table 29 indicates that the no freeze-thaw tensile strength 
is statistically the same as the dry tensile strength in 15 of 48 
possible comparisons. In 33 of 48 comparisons, the no freeze-
thaw tensile strength was statistically lower than the dry ten-
sile strength. This study was performed with only the Nevada 
mixture and with only the G150 and the M100 compactors. 

DRY VERSUS FREEZE-THAW 
TENSILE STRENGTH 

The water conditioning of HMA samples by vacuum satu-
ration, soaking, and a freeze-thaw cycle normally decreases 
the tensile strength. Results obtained on portions of this study 
allow for statistical comparisons to be made among groups of 
samples tested dry (i.e., without conditioning) and after water 
conditioning with vacuum saturation and a freeze-thaw cycle. 

Comparison of Four Compaction Methods 

Table 30 indicates that the freeze-thaw tensile strength is 
statistically the same as the dry tensile strength in 7 of 20 pos-
sible comparisons. In 13 of 20 comparisons, the freeze-thaw 
tensile strength was statistically lower than the dry tensile 
strength. 

An examination of the data in Table 30 indicates that 9 of 
the 12 comparisons with lower freeze-thaw tensile strength 
as compared with dry tensile strength were associated with 
the G100 and H100 compacted samples. The mixtures made 
from the Nevada and Texas materials had lower conditioned 
tensile strengths in 7 of 8 comparisons. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

Table 31 indicates that the freeze-thaw tensile strength 
is statistically the same as the dry tensile strength in 9 of 
48 possible comparisons. In 39 of 48 comparisons, the 
freeze-thaw tensile strength was statistically lower than the 
dry tensile strength. This study was performed with only 
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the Nevada mixture and with only the G150 and M100 
compactors. 

NO FREEZE-THAW VERSUS FREEZE-THAW 
TENSILE STRENGTH 

The water conditioning of HMA samples by vacuum sat-
uration, soaking, and a freeze-thaw cycle normally decreases 
the tensile strength, as compared with samples subjected to 
vacuum saturation and water soaking (no freeze-thaw). 
Results obtained in portions of this study allow for statistical 
comparisons to be made among groups of samples tested 
with and without a freeze-thaw cycle. 

Comparison of Four Compaction Methods 

Table 32 indicates that the freeze-thaw tensile strength 
conditioning is statistically larger than the no freeze-thaw 
tensile strength in 1 of 20 possible comparisons. The freeze-
thaw and no freeze-thaw tensile strengths are statistically the 
same for 18 of 20 comparisons; in 1 of 20 comparisons, the 
freeze-thaw tensile strength is lower than the no freeze-thaw 
tensile strength. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

Table 33 indicates that the freeze-thaw tensile strength is 
statistically larger than the no freeze-thaw tensile strength 
in 3 of 48 possible comparisons. The freeze-thaw and no 
freeze-thaw tensile strengths are statistically the same for 38 
of 48 comparisons; in 7 of 48 comparisons, the freeze-thaw 
tensile strength is lower than the no freeze-thaw tensile 
strength. 

Five of the 7 data groups with lower freeze-thaw tensile 
strength as compared with no freeze-thaw tensile strengths 
were associated with the M100 compacted samples. This 
study was performed with only the Nevada HMA and with 
only the G150 and the M100 compactors. 

LEVEL OF SATURATION 

The complete factorial experiment defined in part the 
effect of the level of saturation on the AASHTO T283 method 
of test. This experiment investigated levels of saturation of 
55, 75, and 90 percent on the mixture prepared with the 
Nevada aggregate and binder. 

Tables 34–39 show the statistical comparisons of level of 
saturation on no freeze-thaw tensile strength and freeze-thaw 
tensile strength. These tables indicate that the level of satu-
ration has little effect on the dry, no freeze-thaw, and freeze-
thaw tensile strength. 

TENSILE STRENGTH RATIO 

Various tensile strength ratios were determined by divid-
ing the conditioned tensile strength by the dry tensile 
strength. In general, on conditioning the samples, a decrease 
in tensile strength ratio is expected. The freeze-thaw tensile 
strength ratio is generally lower than the no freeze-thaw ten-
sile strength ratio. Results obtained on portions of this study 
allow for comparisons to be made with tensile strength ratios. 

Comparison of Four Compaction Methods 

Tables 40–42 and Figures 4 and 5 show data from the 
“Comparison of Four Compaction Methods” portion of the 
study. The data presented in Figures 4 and 5 were generated 
from the compaction study that limited the loose mix aging to 
4 hr at 135 oC, the compacted mix aging to 96 hr at room tem-
perature, and the saturation level to 75 percent. The no freeze-
thaw tensile strength ratios are shown in Table 40 and Figure 
4; the freeze-thaw tensile strength ratios are shown in Table 
41 and Figure 5. In general, the tensile strength ratios (both no 
freeze-thaw and freeze-thaw) are larger for the G150 and 
M100 samples than for the G100 and H100 samples. 

The statistical comparisons previously presented show 
that the G100 and H100 compacted samples generally had 
higher dry tensile strengths and lower conditioned tensile 
strengths as compared with the G150 samples. The M100 
compacted samples had dry and conditioned tensile strengths 
between those of the G150 and the G100 and H100 samples. 
This statistical difference in dry and conditioned tensile 
strengths accounts for the lower tensile strength ratios asso-
ciated with both the G100 and H100 samples. 

A nonstatistical comparison of no freeze-thaw and freeze-
thaw tensile strength ratios is shown in Table 42. There is 
no clear relationship that indicates that the freeze-thaw ten-
sile strength ratio is smaller than the no freeze-thaw tensile 
strength ratio. 

WATER SENSITIVITY 

Tensile strength ratios of 70 to 80 percent are typically used 
as acceptance levels for the AASHTO T283 method of test. 
The Superpave mixture design method suggests a value of 80 
percent when using the G150 compactor. Tensile strength 
ratios from portions of this study are shown in Tables 43–45 
and are discussed below. 

Comparison of Four Compaction Methods 

Table 43 shows the source of the materials, type of com-
paction, and conditioning associated with 70 and 80 percent 
minimum tensile strength ratios for this portion of the study. 
The mixtures prepared with the Maryland aggregate and 
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Figure 4. Comparison of tensile strength ratios with no freeze-thaw cycle. 

binder would pass the 70 and 80 percent acceptance criteria 
for the most conditions (relative to other mixture sources). The 
Maryland aggregate has been described as water-sensitive. 
Only samples prepared with the Hveem impact kneading 
compactor failed the 70 percent acceptance criteria for both 
the no freeze-thaw and the freeze-thaw conditioning. 

The Alabama and Texas aggregates have not been described 
as water-sensitive by their respective states; however, the 
Texas mixture failed to reach 70 percent tensile strength ratio 
for all conditions, and the Alabama mixture exceeded the 
70 and 80 percent criteria only for the Marshall impact com-
paction method. 

The Nevada and Colorado mixtures were both described 
as moderately to highly water-sensitive. The Colorado mix-
ture did not exceed 70 percent for any compaction or condi-
tioning method. The Nevada aggregate reached 70 percent 
tensile strength ratio when samples were prepared with the 
G150 compactor. 

Comparison of Two Compaction Methods 
(Complete Factorial) 

Tables 44 and 45 show the compaction methods, loose 
mix aging, compacted mix aging, and saturation levels asso-
ciated with tensile strength ratios greater than 70 and 80 per-
cent. Table 44 shows that for this Nevada aggregate test 
sequence and the no freeze-thaw conditioning, 13 of 48 pos-
sible data sets exceeded 70 percent tensile strength ratio, and 
8 of 48 possible data sets exceeded 80 percent tensile strength 
ratio. Samples subjected to loose mix aging of 2 hr at 135 °C 
and compacted mix aging of 96 hr at room temperature have 
the largest number of sample groups exceeding the 70 and 80 
percent tensile strength ratios. 

Table 45 shows tensile strength ratio information for sam-
ples subjected to freeze-thaw conditioning. For this Nevada 
aggregate test sequence, 7 of 48 possible data sets exceeded 
70 percent tensile strength ratio, and 1 of 48 possible data sets 



l.2 

MD 

l.l 

AL 
l.O 

0.9 

M) 

0.3 
M"\ 

t,N 

-= 0.7 .. , 
" ~ 
~ 

~ 0.6 E 
co TX MD 

."u... 

<r. 
.!:! co 

0.5 
~ TX 

.:u. 
0.4 

~rv AL 

0.3 
NV 

co ~! .c 
0.2 co 

O.l 

0.0 

G 150 G 100 M 100 H 100 

41 

Figure 5. Comparison of tensile strength ratios with freeze-thaw cycle. 

exceeded 80 percent tensile strength ratio. Samples subjected 
to compacted mix aging have the largest number of sample 
groups exceeding the 70 percent tensile strength ratios. 

VARIABILITY AND COMPACTION METHOD 

Tables 46 and 47 were developed to illustrate how the 
method of compaction influences tensile strength variability. 
Standard deviation and coefficient of variation are shown as 
measures of variability in the tables. Since G100 and H100 
compacted samples generally had higher tensile strengths as 
compared with the G150 and M100 samples, the basis of 
comparison needs to be the coefficient of variation. Five of 
15 data sets for the G100 and H100 compacted samples had 
coefficients of variation greater than 10 percent, while the 
G150 and M100 compacted samples had 7 and 8 data sets 
greater than 10 percent coefficient of variation, respectively. 

In general, there is little difference in the variability of test 
results among methods of compaction. 

VARIABILITY AND MIXTURE SOURCE 

Tables 48 and 49 were developed to illustrate how the mix-
ture source influences tensile strength variability. Standard 
deviation and coefficient of variation are shown as measures 
of variability in the tables. Since Nevada and Texas mixtures 
generally had higher tensile strengths as compared with the 
other mixtures, the basis of comparison needs to be the coef-
ficient of variation. The Maryland, Nevada, and Texas mix-
tures in general had lower coefficients of variation than mix-
tures prepared with Alabama and Colorado aggregates. The 
Alabama mixture—a coarse-graded, 25-mm nominal maxi-
mum size aggregate—caused considerable testing problems 
because the level of saturation was difficult to control, as per-
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meability was high and coated aggregate particles would eas-
ily be dislodged from the corners and sides of the samples 
during conditioning and handling. 

ANOVA STATISTICAL ANALYSIS 

As was shown in Table 4, the evaluation of the AASHTO 
T283 moisture sensitivity test covers the combinations of 
several factors, including the following: 

• Aggregate sources: 5 levels 
• Compaction methods: 2 levels 
• Loose mix aging: 4 levels 
• Compacted mix aging: 2 levels 
• Saturation level: 3 levels 
• Conditioning method: 3 levels 

The measured response variables are the tensile strength and 
resilient modulus of the HMA mixture. A complete factorial 
experiment including all of the factors listed above would 
require the fabrication and testing of 1,440 samples. In addi-
tion, some H100 and G100 samples were also evaluated. 
Therefore, a complete factorial experiment would have 
required the fabrication and testing of over 3,000 samples. 
This large number of samples was considered impractical, 
and the concept of partial factorial was used on 4 of the 5 
aggregate sources. The Nevada aggregate source was kept at 
the complete factorial level in order to identify and evaluate 
the contribution of the individual factors, along with all the 
possible interactions among the various factors. 

During the design of any statistics-based experiment, the 
concepts of main effects and interactions must be well 
understood. The main effects refer to the contribution of the 
individual factors that are being considered in the experi-
ment. The interactions refer to the contribution of the fac-
tors as they interact with each other. When assessing the 
main effects, both the complete and partial factorial experi-
ments are considered adequate. The major difference between 
a complete and a partial factorial experiment is that the partial 
factorial experiment would not allow for the examination of all 
possible interactions among the various factors. 

In this research, the Nevada aggregate experiment was 
designed as a complete factorial experiment in order to 
examine all possible interactions among the main effects. 
The analysis of the Nevada experiment will identify the sig-
nificant main effects along with all the significant interac-
tions. A partial factorial experiment was developed for all 
five aggregate sources (including Nevada). The analysis of 
this partial factorial experiment will be used in conjunction 
with the Nevada experiment. More specifically, the Nevada 
complete factorial experiment will be analyzed first, and rec-
ommendations will be drawn based on all main effects and 
their interactions. The analysis of the partial factorial exper-
iment will follow, and recommendations will be drawn based 

on all main effects and the possible interactions. The recom-
mendations of the partial factorial experiment will then be 
checked against the Nevada complete factorial experiment in 
order to assess the effect of using complete factorial versus 
partial factorial experiments. 

Previous data analyses were concerned with comparing the 
impact of two individual factors while maintaining all other 
factors at a constant level. In statistical terms, this analysis is 
referred to as the “pair-wise” comparisons. This type of analy-
sis is an excellent tool to identify the contributions of the indi-
vidual factors in terms of direction and magnitude. For exam-
ple, using the pair-wise analysis, an engineer can assess (a) 
whether the dry tensile strength of G150 samples are equal to, 
lower than, or higher than the dry tensile strength of M100 sam-
ples and (b) the magnitude of their differences. The overall sta-
tistical analysis presented in this section is concerned with iden-
tifying which factors and which interactions among factors 
contribute significantly to the measured tensile strength and 
resilient modulus of the HMA mixtures. 

The analysis of variance (ANOVA) technique will be used 
to conduct the statistical analysis of the overall data generated 
from both the complete and partial factorial experiments. 
F-tests based on the Type III SS (partial sums of squares) are 
used to identify the contribution of the main effects and their 
interactions. The magnitude of the F-statistics will be used to 
rank the relative importance of the main effects and their 
interactions, while the P-values less than or equal to 0.05 will 
be considered statistically significant. In other words, the 
ANOVA model will rank the main effects and their inter-
actions in the order of importance (the higher the F-statistic, 
the more important the factor) and also will indicate whether 
a given main effect or interaction is statistically significant. 
The statistical significance measure will be a cutoff criterion. 
For example, if the F-statistics ranks the loose mix aging 
factor as #5, the engineer can use the P-value to identify 
whether the loose mix aging is statistically significant. 

As was indicated earlier, this research effort measured the 
tensile strength and resilient modulus of the HMA mixtures 
at the dry, no freeze-thaw, and freeze-thaw stages. The con-
ditions under which the tensile strength and resilient modu-
lus values are measured will be considered in two different 
approaches: 

1. The dry, no freeze-thaw, and freeze-thaw stages are 
considered as three levels of conditioning. In this case, 
the overall data are analyzed while sample condition-
ing is considered as a factor with three levels. 

2. The tensile strength and resilient modulus at the dry, no 
freeze-thaw, and freeze-thaw are considered as inde-
pendent response variables, and the overall data are 
analyzed to assess the impact of the main factors and 
their interactions on the individual responses (i.e., dry 
tensile strength, no freeze-thaw tensile strength, and 
freeze-thaw tensile strength). 
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Analysis of the Complete Factorial Experiment 

The complete factorial experiment was conducted on the 
Nevada aggregate source. Therefore, the aggregate source will 
not be considered as a factor in the analysis of this experiment. 
The following presents the two data analysis approaches for 
the complete factorial experiment. 

Analysis of Data with Three Levels 
of Sample Conditioning 

As mentioned earlier, this approach treats the sample con-
ditioning as a main factor with three levels: dry, no freeze-
thaw, and freeze-thaw. This experiment includes the follow-
ing factors and their corresponding levels. 

Number 

Factor of Levels Actual Levels Abbreviation 

Compaction 2 150-mm Superpave COMP 
method gyratory 

100-mm Marshall 
impact 

Loose mix aging 4 None LMA 
16 hr at 60 °C 
2 hr at 135 °C 
4 hr at 135 °C 

Compacted mix 2 None CMA 
aging 96 hr at room 

temperature 

Saturation level 3 55% SATLEV 
75% 
90% 

Sample 3 Dry SCOND 
conditioning No freeze-thaw 

Freeze-thaw 

The measured response is the tensile strength. The factors 
listed above were identified as factors that may influence the 
magnitude of the tensile strength. The ANOVA analysis is 
used to identify the degree by which the main factors and their 
interactions would influence the magnitude of the tensile 
strength of the HMA mixtures. By treating the sample condi-
tioning as an experimental factor, the analysis assumes that 
the tensile strength is a mixture property that is influenced by 
the sample conditioning process. Table 50 summarizes the 
ANOVA analysis for this part of the experiment; the complete 
ANOVA analysis table is presented in Appendix B. The 
analysis is presented in terms of rank and significance level. 
In other words, the ANOVA analysis uses the F-statistic to 

rank the importance of the main factors and their inter-
actions, while the P-value is used to assess the statistical sig-
nificance. The higher the F-statistic, the more important the 
factor or interaction. P-values less than 0.05 indicate statisti-
cally significant contributions, while P-values greater than or 
equal to 0.05 indicate statistically insignificant contributions. 

As mentioned earlier, the advantage of conducting complete 
factorial experiments is the ability to identify all main effects 
and all possible interactions. As shown in Table 50, a total of 
5 main effects, 10 two-way interactions, 10 three-way interac-
tions, 5 four-way interactions, and 1 five-way interaction have 
been identified. Sample conditioning (SCOND) and loose mix 
aging (LMA) have been identified as the most important main 
effects; the compacted mix aging (CMA), compaction method 
(COMP), and saturation level (SATLEV) were ranked signif-
icantly below some of the interactions. This indicates that the 
these factors are not important by themselves, but they may 
become important as they interact with the sample condition-
ing and loose mix aging factors. As for the main factors alone, 
however, this experiment showed that the sample conditioning 
and loose mix aging are the most important contributors to the 
measured values of the tensile strength of HMA mixtures. 

Analysis of the Dry Tensile Strength Data 

This part of the analysis considered the dry tensile strength 
of the HMA mixtures by itself. The ANOVA analysis was 
used to assess the importance and significance of the main 
factors and their interactions on the dry tensile strength of 
the HMA mixtures. The main factors included compaction 
method, loose mix aging, and compacted mix aging. Table 51 
summarizes the recommendations of the ANOVA analysis. 
Table 51 ranks the main factors and their interactions relative 
to their level of importance as indicated by their F-statistics. 
The data show that loose mix aging is the most important fac-
tor contributing to the value of the dry tensile strength of 
HMA mixtures, followed by the compacted mix aging. Com-
paction method becomes important after it interacts with the 
compacted mix aging and loose mix aging factors. Therefore, 
it can be concluded that loose mix aging and compacted mix 
aging are the most important factors affecting the value of the 
dry tensile strength of HMA mixtures. 

Analysis of the No Freeze-Thaw Tensile 
Strength Data 

This part of the analysis considered the no freeze-thaw ten-
sile strength of the HMA mixtures by itself. The ANOVA 
analysis was used to assess the importance and significance of 
the main factors and their interactions on the wet no freeze-
thaw tensile strength of the HMA mixtures. The main factors 
included compaction method, loose mix aging, compacted 
mix aging, and saturation level. Table 52 summarizes the rec-
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ommendations of the ANOVA analysis. Table 52 ranks the 
main factors and their interactions relative to their level of 
importance as indicated by their F-statistics. The data show 
that the loose mix aging, compacted mix aging, and com-
paction method rank very close to one another. Saturation 
level ranks very low. Therefore, it can be concluded that 
loose mix aging, compacted mix aging, and compaction 
method are the most important factors affecting the value of 
the wet no freeze-thaw tensile strength of HMA mixtures. 

Analysis of the Freeze-Thaw Tensile 
Strength Data 

This part of the analysis considered the freeze-thaw tensile 
strength of the HMA mixtures by itself. The ANOVA analy-
sis was used to assess the importance and significance of the 
main factors and their interactions on the freeze-thaw tensile 
strength of the HMA mixtures. The main factors included 
compaction method, loose mix aging, compacted mix aging, 
and saturation level. Table 53 summarizes the recommenda-
tions of the ANOVA analysis. Table 53 ranks the main fac-
tors and their interactions relative to their level of importance 
as indicated by their F-statistics. The data show that com-
pacted mix aging and compaction method rank very close to 
each. Loose mix aging ranks relatively lower, and saturation 
level ranks very low. Therefore, it can be concluded that com-
pacted mix aging, compaction method, and loose mix aging 
are the most important factors affecting the value of the freeze-
thaw tensile strength of HMA mixtures. 

Analysis of the Partial Factorial Experiment 

The partial factorial experiment presented in Table 4 was 
conducted on all five sources of aggregates. The experimen-
tal cells with “X” were completed as part of the partial fac-
torial experiment. Again, it should recognized that when 
dealing with partial factorial experiments, only a limited 
number of interactions can be evaluated. The partial factorial 
experiment included the following factors and their corre-
sponding levels. 

Number 
Factor of Levels Actual Levels Abbreviation 

Aggregate 5 Nevada SOURCE 
source Alabama 

Colorado 
Maryland 
Texas 

Compaction 2 150-mm Superpave COMP 
method gyratory 

100-mm Marshall 
impact 

Loose mix aging 4 None LMA 
16 hr at 60 °C 
2 hr at 135 °C 
4 hr at 135 °C 

Compacted mix 2 None CMA 
aging 96 hr at room 

temperature 

Saturation level 3 55% SATLEV 
75% 
90% 

Sample 3 Dry SCOND 
conditioning No freeze-thaw 

Freeze-thaw 

Analysis of the Dry Tensile Strength Data 

This part of the analysis considered the dry tensile strength 
of the HMA mixtures by itself, using the partial factorial exper-
iment. The ANOVA analysis was used to assess the importance 
and significance of the main factors and their interactions on the 
dry tensile strength of the HMA mixtures. The main factors 
included aggregate source (SOURCE), compaction method, 
loose mix aging, and compacted mix aging. Table 54 summa-
rizes the recommendations of the ANOVA analysis. Table 54 
ranks the main factors and their interactions relative to their 
level of importance as indicated by their F-statistics. The data 
show that aggregate source is the most important factor con-
tributing to the value of the dry tensile strength of HMA mix-
tures. Loose mix aging, compaction method, and compacted 
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mix aging showed some important contribution after they inter-
act with the aggregate source. Therefore, it can be concluded 
that aggregate source is the most important factor affecting the 
value of the dry tensile strength of HMA mixtures. 

Analysis of the No Freeze-Thaw Tensile 
Strength Data 

This part of the analysis considered the no freeze-thaw ten-
sile strength of the HMA mixtures by itself, using the partial 
factorial experiment. The ANOVA analysis was used to 
assess the importance and significance of the main factors 
and their interactions on the no freeze-thaw tensile strength 
of the HMA mixtures. The main factors included aggregate 
source, compaction method, loose mix aging, compacted mix 
aging, and saturation level. Table 55 summarizes the recom-
mendations of the ANOVA analysis. Table 55 ranks the 
main factors and their interactions relative to their level of 
importance as indicated by their F-statistics. The data 
show that aggregate source is the most important factor 
contributing to the value of the no freeze-thaw tensile 
strength of HMA mixtures, followed by loose mix aging 
and compacted mix aging. 

Analysis of the Freeze-Thaw Tensile 
Strength Data 

This part of the analysis considered the freeze-thaw ten-
sile strength of the HMA mixtures by itself, using the partial 
factorial experiment. The ANOVA analysis was used to assess 
the importance and significance of the main factors and their 
interactions on the freeze-thaw tensile strength of the HMA 
mixtures. The main factors included aggregate source, com-
paction method, loose mix aging, compacted mix aging, and 
saturation level. Table 56 summarizes the recommendations 
of the ANOVA analysis. Table 56 ranks the main factors and 
their interactions relative to their level of importance as indi-
cated by their F-statistics. The data show that aggregate 
source is the most important factor contributing to the value 
of the freeze-thaw tensile strength of HMA mixtures, fol-
lowed by the saturation level, loose mix aging, compacted 
mix aging, and compaction method. This analysis is the first 
to show that the saturation level plays an important role in the 
magnitude of the tensile strength of HMA mixtures. 

Comparison of Complete and Partial 
Factorial Experiments 

As discussed earlier, the partial factorial experiment was 
developed to produce a practical experiment that could be 
conducted within the budget and time constraints of the 
research project. The recommendations of the partial facto-
rial experiment, however, may not be 100-percent reliable 
because of the omission of some experimental cells. There-
fore, the recommendations of the partial factorial experiment 
must be checked against the recommendations of the com-
plete factorial experiment. In other words, the complete fac-
torial experiment will be used to draw conclusions about the 
effect of different variables; the partial factorial experiment 
will be used to verify that these recommendations can hold 
for multiple aggregate sources. The following represents a 
comparison of the recommendations generated from the two 
experiments. 

Ranked Factors by Ranked Factors by 
Response Complete Factorial Partial Factorial 

Dry tensile strength LMA SOURCE 
CMA LMA 

COMP 

No freeze-thaw LMA SOURCE 
Tensile strength CMA LMA 

COMP CMA 

Freeze-thaw CMA SOURCE 
Tensile strength COMP SATLEV 

LMA LMA 
SATLEV CMA 

COMP 

In general, there is a good agreement among the findings 
of the complete and partial experiments. In the majority of 
the analyses, both experiments identified loose mix aging 
and compacted mix aging as the most important factors. 
The partial factorial experiment was consistent in identify-
ing aggregate source as the most important factor. One dis-
crepancy between the two experiments is that the partial 
factorial experiment identified saturation level as a more 
important factor than the other factors in the freeze-thaw 
tensile strength. This recommendation contradicts the find-
ings of the complete factorial experiment and the pair-wise 
comparisons discussed earlier. This contradiction further 
emphasizes the fact the partial factorial experiments may 
not be 100-percent reliable. 



Mixture Conditioning increase* same• decrease• 

ALABAMA DRY 1 

NOF-T I 

F-T I 

COLORADO DRY I 

NOF-T I 

F-T I 

NEVADA DRY I 

NOF-T I 

F-T I 

Total 0 9 0 

Mixture Conditioning increase• same* decrease• 

ALABAMA DRY 1 

NOF-T 1 

F-T I 

COLORADO DRY I 

NOF-T I 

F-T I 

NEVADA DRY 1 

NOF-T I 

F-T l 

Total 0 9 0 
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TABLE 11 Statistical Comparison of Tensile Strengths for Samples Subjected to Resilient Modulus Testing and Samples Not 
Subjected to Resilient Modulus Testing—150-mm-Diameter Superpave Gyratory Compactor 

Note: * Resilient modulus testing prior to performing tensile strength determination increases, decreases, or is statistically the same as tensile strength without prior resilient 
modulus testing. 

TABLE 12 Statistical Comparison of Tensile Strengths for Samples Subjected to Resilient 
Modulus Testing and Samples Not Subjected to Resilient Modulus Testing—100-mm-Diameter 
Marshall Impact Compactor 

Note: * Resilient modulus testing prior to performing tensile strength determination increases, decreases, or is statistically the same as 
tensile strength without prior resilient modulus testing. 



Sample State Larger* Same• Smaller* 
Conditioning 

Alabama 1 

Colorado I 

Dry 
Maryland I 

Nevada 1 

Texas I 

All 4 I 0 

Alabama I 

Colorado I 

No 
Freeze-

Maryland I 

Thaw Nevada I 

Texas I 

All 0 4 I 

Alabama I 

Colorado I 

Freeze- Maryland I 
Thaw 

Nevada I 

Texas I 

All 3 2 
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TABLE 13 Statistical Comparison of 150-mm-Diameter and 100-mm-Diameter Superpave 
Gyratory Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Superpave gyratory compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 150-mm-diameter Superpave gyratory compacted samples. 



Sample State Larger• Same• Smaller• 
Conditioning 

Alabama 1 

Colorado 1 

Dry 
Maryland I 

Nevada 1 

Texas 1 

All I 3 1 

Alabama I 

Colorado 1 

No Maryland I 
Freeze-
Thaw Nevada I 

Texas I 

All 1 4 0 

Alabama 1 

Colorado I 

Freeze-
Thaw 

Maryland I 

Nevada I 

Texas 1 

All 1 2 2 
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TABLE 14 Statistical Comparison of 150-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Marshall Impact Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Marshall impact compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 150-mm-diameter Superpave gyratory compacted samples. 



Sample State Larger• Same* Smaller* 
Conditioning 

Alabama 1 

Colorado I 

Dry 
Maryland I 

Nevada I 

Texas I 

All 2 3 0 

Alabama I 

Colorado I 

No Maryland I 
Freeze-
Thaw Nevada I 

Texas I 

All 0 4 I 

Alabama I 

Colorado I 

Freeze- Maryland I 
Thaw 

Nevada I 

Texas I 

All 3 2 
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TABLE 15 Statistical Comparison of 150-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Hveem Kneading Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Hveem kneading compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 150-mm-diameter Superpave gyratory compacted samples. 



Sample State Larger* Same* Smaller• 
Conditioning 

Alabama 2 1 

Colorado 2 1 

Dry 
Maryland 1 2 

Nevada 2 1 

Texas 2 1 

All 7 7 1 

Alabama 1 2 

Colorado 3 

No Maryland 3 
Freeze-
Thaw Nevada 1 2 

Texas 3 

All 1 12 2 

Alabama I 2 

Colorado 3 

Freeze- Maryland 3 Thaw 
Nevada 3 

Texas 3 

All I 8 6 
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TABLE 16 Statistical Comparison of 150-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Superpave Gyratory, Marshall Impact, and Hveem Kneading Compacted Samples 

Note: * The tensile strengths of 100-mm-diameter Superpave gyratory, Marshall impact, and Hveem kneading compacted samples 
are statistically larger than, the same as, or smaller than the tensile strength of 150-mm-diameter Superpave gyratory com-
pacted samples. 



, Sample State Larger* Same* Smaller* 
I Conditioning 

Alabama 1 

Colorado 1 

Dry 
Maryland 1 

Nevada 1 

Texas 1 

All 0 2 3 

Alabama 1 

Colorado 1 

No Maryland 1 
Freeze-
Thaw Nevada 1 

Texas 1 

All 2 3 0 

Alabama 1 

Colorado 1 

Freeze- Maryland 1 
Thaw 

Nevada 1 

Texas 1 

All I 3 1 
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TABLE 17 Statistical Comparison of 100-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Marshall Impact Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Marshall impact compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 100-mm-diameter Superpave gyratory compacted samples. 



Sample State Larger" Same* Smaller* 
Conditioning 

Alabama 1 

Colorado 1 

Dry 
Maryland 1 

Nevada I 

Texas I 

All 0 4 I 

Alabama I 

Colorado I 

No Maryland I 
Freeze-
Thaw Nevada 1 

Texas l 

All 0 4 1 

Alabama I 

Colorado I 

Freeze-
Thaw 

Maryland I 

Nevada I 

Texas 1 

All 0 4 1 
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TABLE 18 Statistical Comparison of 100-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Hveem Kneading Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Hveem impact compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 100-mm-diameter Superpave gyratory compacted samples. 



Sample State Larger"' Same* Smaller* 
Conditioning 

Alabama 1 

Colorado 1 

Dry 
Maryland 1 

Nevada I 

Texas I 

All 1 2 2 

Alabama I 

Colorado I 

No Maryland I 
Freeze-
Thaw Nevada 1 

Texas 1 

All 2 3 0 

Alabama I 

Colorado I 

Freeze- Maryland I 
Thaw 

Nevada I 

Texas I 

All I 4 0 

Sample Conditioning Larger* Same* Smaller* 

Dry 3 18 3 

No Freeze-Thaw 3 20 I 

Freeze-Thaw 0 22 2 

Compaction Compacted Increase* Same* Decrease* 
Method Mix 

Aging, Hours 

Gyratory 0 3 
150 mm 96 3 

Marshall 0 I 2 
100mm 96 3 

Total 4 8 0 

TABLE 19 Statistical Comparison of 100-mm-Diameter Hveem Kneading and 100-mm-
Diameter Marshall Impact Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Marshall impact compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 100-mm-diameter Hveem kneading compacted samples. 

TABLE 20 Statistical Comparison of 150-mm-Diameter Superpave Gyratory and 100-mm-
Diameter Marshall Impact Compacted Samples 

Note: * The tensile strength of 100-mm-diameter Marshall impact compacted samples is statistically larger than, the same as, or 
smaller than the tensile strength of 150-mm-diameter Superpave gyratory compacted samples. 

TABLE 21 Statistical Comparison of Dry Tensile Strength for Mixtures 
Subjected to Loose Mix Aging 

Note: * Loose mix aging increases, decreases, or maintains the same dry tensile strength as compared with the 
no loose mix aging. 



Compaction Loose Mix Increase* Same* Decrease* 
Method Aging, Hours 

0 1 
Gyratory 16 1 
150mm 2 1 

4 1 

0 1 
Marshall 16 1 
100mm 2 1 

4 1 

Total 7 1 

Mixture Conditioning Prior Resilient increase• same• decrease* 
Modulus 

ALABAMA DRY N I 

y I 

NOF-T N I 

y I 

F-T N I 

y I 

COLORADO DRY N I 

y I 

NOF-T N I 

y I 

F-T N I 

y I 

NEVADA DRY N I 

y 1 

NOF-T N I 

y 1 

F-T N I 

y I 

Total N 2 6 I 

y 2 6 I 
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TABLE 22 Statistical Comparison of Dry Tensile Strength for Mixtures 
Subjected to Compacted Mix Aging 

Note: * Compacted mix aging increases, decreases, or maintains the same dry tensile strength as compared 
with the no compacted mix aging data sets for dry tensile strength. 

TABLE 23 Statistical Comparison of Tensile Strengths for 100-mm-Diameter Marshall 
Impact Samples and 150-mm-Diameter Superpave Gyratory Samples 

Note: * The tensile strength of 100-mm-diameter Marshall impact compacted samples increases, decreases, or is statistically the 
same as tensile strength of 150-mm-diameter Superpave gyratory compacted samples. 



Compaction Compacted Saturation Increase* Same* Decrease* 
Method Mix Aging, Percent 

Hrs 

0 55 3 
75 2 1 

Gyratory 90 2 1 
150mm 

96 55 1 2 
15 3 
90 2 I 

0 55 I 2 
75 3 

Marshall 90 2 I 
100mm 

96 55 3 
75 3 
90 3 

All Gyratory 7 11 

All Marshall 3 15 

Total 10 26 

Compaction Loose Mix Saturation, Increase* Same* Decrease* 
Method Aging,Hrs. Percent 

55 1 
0 15 1 

90 1 

55 I 
16 75 I 

Gyratory 90 I 

150mm 55 I 
2 75 1 

90 I 

55 I 
4 75 I 

90 1 

55 I 
0 75 1 

90 1 

55 I 
16 75 I 

Marshall 90 I 

100mm 55 I 
2 75 1 

90 1 

55 I 
4 75 1 

90 I 

All Gyratory 2 10 0 

All Marshall 2 9 I 

Total 4 19 I 

TABLE 24 Statistical Comparison of No Freeze-Thaw Tensile Strengths for Mixtures 
Subjected to Loose Mix Aging 

Note: * Loose mix aging increases, decreases, or maintains the same no freeze-thaw tensile strength as compared with the no 
loose mix aging. 

TABLE 25 Statistical Comparison of No Freeze-Thaw Tensile Strength for Mixtures Subjected 
to Compacted Mix Aging 

Note: * An entry indicates the number of cases in which the compacted mix aging increases, decreases, or maintains the same no 
freeze-thaw tensile strength as compared with no compacted mix aging. 



Compaction Compacted Saturation Increase* Same* Decrease* 
Method Mix Percent 

Aging, 
Hrs 

55 2 I 
0 75 3 

90 3 
Gyratory 

55 I 2 150mm 
96 75 3 

90 3 

55 I 2 
0 75 3 

90 3 
Marshall 100 

55 I 2 mm 
96 75 3 

90 3 

All Gyratory I 16 I 

All Marshall 2 16 

Total 3 32 1 
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TABLE 26 Statistical Comparison of Freeze-Thaw Tensile Strength for 
Mixtures Subjected to Loose Mix Aging 

Note: * An entry indicates the number of cases in which loose mix aging increases, decreases, or maintains 
the same no freeze-thaw tensile strength as compared with the no loose mix aging. 



Compaction Loose Mix Saturation, Increase* Same* Decrease* 
Method Aging, Hrs. Percent 

55 1 
0 75 1 

90 1 

55 1 
16 75 1 

Gyratory 90 1 
150mm 55 1 

2 75 1 
90 1 

55 1 
4 75 1 

90 1 

55 1 
0 75 1 

90 I 

55 1 
16 75 1 

Marshall 90 1 
100mm 55 1 

2 75 I 
90 I 

55 I 
4 75 I 

90 I 

All Gyratory 0 9 3 

All Marshall 0 12 0 

Total 0 21 3 
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TABLE 27 Statistical Comparison of Freeze-Thaw Tensile Strength for Mixtures Subjected to 
Compacted Mix Aging 

Note: * An entry indicates the compacted mix aging increases, decreases, or maintains the same no freeze-thaw tensile strength as 
compared with no compacted mix aging. 



Compaction 
Method State Larger* Same* Smaller* 

Gyratory Alabama I 
150mm Colorado 1 

Maryland 1 

Nevada 1 

Texas 1 

All 0 3 2 

Gyratory Alabama 1 
100mm 

Colorado 1 

Maryland l 

Nevada 1 

Texas 1 

All 0 0 5 

Marshall Alabama 1 
100mm Colorado I 

Maryland 1 

Nevada 1 

Texas l 

All 0 4 l 

Hveem Alabama 1 
100mm 

Colorado 1 

Maryland 1 

Nevada 1 

Texas 1 

All 0 l 4 

Total 0 8 12 
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TABLE 28 Statistical Comparison of Dry Tensile Strength and No Freeze-Thaw Tensile 
Strength 

Note: * The no freeze-thaw tensile strength is statistically larger than, the same as, or smaller than the dry tensile strength. 



Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging,Hrs. Mix Aging, 

Hrs. 

Gyratory 0 0 3 
150mm 96 3 

16 0 3 
96 3 

2 0 3 
96 3 

4 0 3 
96 l 2 

Marshall 0 0 l 2 
100mm 96 2 l 

16 0 3 
96 3 

2 0 3 
96 3 

4 0 l 2 
96 l 2 

All Gyratory 0 7 17 

All Marshall 0 8 16 

Total 0 15 33 
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TABLE 29 Statistical Comparison of Conditioning Method on Tensile Strength—No Freeze-
Thaw Conditioning vs. No Conditioning 

Note: * The tensile strength of no freeze-thaw conditioned samples increases, decreases, or is statistically the same as the tensile 
strength for samples not subjected to conditioning (dry). 



Compaction 
Method State Larger• Same• Smaller• 

Gyratory Alabama 1 
150mm Colorado 1 

Maryland 1 

Nevada 1 

Texas I 

All 0 3 2 

Gyratory Alabama 1 
100mm Colorado I 

Maryland 1 

Nevada 1 

Texas 1 

All 0 1 4 

Marshall Alabama 1 
100mm 

Colorado 1 

Maryland 1 

Nevada 1 

Texas 1 

All 0 3 2 

Hveem Alabama 1 
100mm Colorado 1 

Maryland I 

Nevada 1 

Texas I 

All 0 0 5 

Total 0 7 13 
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TABLE 30 Statistical Comparison of Dry Tensile Strength and Freeze-Thaw Tensile Strength 

Note: * The freeze-thaw tensile strength is statistically larger than, the same as, or smaller than the dry tensile strength. 



Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging,Hrs. Mix Allin&, 

Hrs. 

Gyratory 0 0 1 2 
150mm 96 2 1 

16 0 3 
96 3 

2 0 3 
96 3 

4 0 3 
96 1 2 

Marshall 0 0 1 2 
100mm 96 I 2 

16 0 3 
96 3 

2 0 3 
96 3 

4 0 3 
96 3 

All Gyratory 0 4 20 

All Marshall 0 5 19 

Total 0 9 39 

Compaction 
Method State Larger* Same• Smaller• 

Gyratory Alabama I 
150mm Colorado I 

Maryland I 

Nevada I 

Texas I 

All 0 5 0 

Gyratory Alabama I 
100mm Colorado I 

Maryland I 

Nevada I 

Texas I 

All 1 4 0 

Marshall Alabama I 
100mm Colorado I 

Maryland I 

Nevada I 

Texas I 

All 0 4 1 

Hveem Alabama I 
100mm Colorado I 

Maryland 1 

Nevada I 

Texas I 

All 0 5 0 

Total I 18 I 

TABLE 31 Statistical Comparison of Conditioning Method on Tensile Strength— 
Freeze-Thaw Conditioning vs. No Conditioning 

Note: * The tensile strength of freeze-thaw conditioned samples increases, decreases, or is statistically the same as the 
tensile strength of samples not subjected to conditioning (dry). 

TABLE 32 Statistical Comparison of No Freeze-Thaw Tensile Strength and 
Freeze-Thaw Tensile Strength 

Note: * The freeze-thaw tensile strength is statistically larger than, the same as, or smaller than the no 
freeze-thaw tensile strength. 



Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging,Hrs. Mix Aging, 

Hrs. 

Gyratory 0 0 3 
150mm 96 3 

16 0 3 
96 3 

2 0 3 
96 1 2 

4 0 3 
96 3 

Marshall 0 0 3 
100mm 96 2 1 

16 0 3 
96 2 1 

2 0 3 
96 3 

4 0 2 1 
96 I 2 

All Gyratory 3 19 2 

All Marshall 0 19 5 

Total 3 38 7 

Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging, Hrs. Mix Aging, 

Hrs. 

0 0 1 
96 1 

Gyratory 16 0 1 
150mm 96 1 

2 0 1 
96 l 

4 0 1 
96 l 

0 0 1 
96 1 

Marshall 16 0 1 

100mm 96 l 

2 0 1 
96 l 

4 0 1 
96 l 

All Gyratory 0 8 0 

All Marshall 1 7 0 

Total I 15 0 

TABLE 33 Statistical Comparison of Conditioning Method on Tensile Strength—Freeze-Thaw 
Conditioning vs. No Freeze-Thaw Conditioning 

Note: * The tensile strength of freeze-thaw conditioned samples increases, decreases, or is statistically the same as the tensile 
strength of samples of no freeze-thaw conditioned samples. 

TABLE 34 Statistical Comparison of No Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—75% vs. 55% 

Note: * The tensile strength for a saturation level of 75% increases, decreases, or is statistically the same as the tensile strength 
for a level of 55% for no freeze-thaw data sets. 



Compaction Loose Mb: Compacted Mix Increase* Same* Decrease* 
Method Aging,Hrs. Aging,Hrs. 

0 0 1 
96 1 

Gyratory 
16 0 I 150mm 

96 I 

2 0 1 
96 1 

4 0 I 
96 I 

0 0 I 
96 1 

Marshall 16 0 1 

100mm 96 I 

2 0 I 
96 I 

4 0 I 
96 I 

AIIGyratory 0 8 0 

All Marshall 0 7 I 

Total 0 15 I 

Compaction Loose Mix Compacted Increase Same* Decrease* 
Method Aging, Hrs. Mix Aging, * 

Hrs. 

0 0 I 
96 I 

Gyratory 
16 150mm 0 I 

96 1 

2 0 1 
96 1 

4 0 I 
96 I 

0 0 I 
96 1 

Marshan 16 0 I 

100mm 96 1 

2 0 I 
96 1 

4 0 1 
96 1 

All Gyratory 0 8 0 

AH Marshall 0 8 0 

Total 0 16 0 
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TABLE 35 Statistical Comparison of No Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—90% vs. 55% 

Note: * The tensile strength for a saturation level of 90% increases, decreases, or is statistically the same as the tensile 
strength for a level of 55% for no freeze-thaw data sets. 

TABLE 36 Statistical Comparison of No Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—90% vs. 75% 

Note: * The tensile strength for a saturation level of 90% increases, decreases, or is statistically the same as the tensile 
strength for a level of 75% for no freeze-thaw data sets. 



Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging, Hrs. Mix Aging, 

Hrs. 

0 0 I 
96 I 

Gyratory 
16 0 I 150mm 

96 I 

2 0 I 
96 I 

4 0 I 
96 I 

0 0 I 
96 I 

Marshall 16 0 I 

100mm 96 I 

2 0 I 
96 I 

4 0 I 
96 I 

AllGyratory 0 8 0 

All Marshall 0 8 0 

Total 0 16 0 

Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging, Hrs. Mix Aging, 

Hrs. 

0 0 I 
96 I 

Gyratory 
16 0 I 150mm 

96 I 

2 0 I 
96 I 

4 0 I 
96 I 

0 0 I 
96 I 

Marshall 16 0 I 

100mm 96 I 

2 0 I 
96 I 

4 0 I 
96 I 

All Gyratory 0 8 0 

All Marshall 0 8 0 

Total 0 16 0 
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TABLE 37 Statistical Comparison of Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—75% vs. 55% 

Note: * The tensile strength for a saturation level of 75% increases, decreases, or is statistically the same as the tensile 
strength for a level of 55% for freeze-thaw data sets. 

TABLE 38 Statistical Comparison of Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—90% vs. 55% 

Note: * The tensile strength for a saturation level of 90% increases, decreases, or is statistically the same as the tensile 
strength for a level of 55% for freeze-thaw data sets. 



Compaction Loose Mix Compacted Increase* Same* Decrease* 
Method Aging,Hn. Mix Aging, 

Hrs. 

Gyratory 0 0 1 
150mm 96 1 

16 0 1 
96 1 

2 0 I 
96 I 

4 0 I 
96 I 

Marshall 0 0 I 
100mm 96 I 

16 0 I 
96 I 

2 0 1 
96 1 

4 0 1 
96 I 

All Gyratory 0 8 0 

All Marshall 0 8 0 

Total 0 16 0 

Method of Compaction • 

Gyratory Gyratory Marshall Hveem 
150mm 100mm 100mm 100mm 

AL (0.60) AL (0.29) co (0.59) NV (0.25) 

co (0.620) NV (0.34) NV (0.59) co (0.31) 

TX(0.63) CO(0.35) TX(0.66) AL (0.34) 

NV (0.73) MD (0.52) MD(0.83) TX(0.40) 

MD (0.88) TX (0.57) AL (0.87) MD (0.69) 

Method of Compaction • 

Gyratory Gyratory Marshall Hveem 
150mm 100mm 100mm 100mm 

AL (0.59) co (0.24) NV (0.35) co (0.23) 

co (0.62) NV(0.32) co (0.54) TX (0.23) 

TX (0.70) AL(0.42) TX(0.63) NV(0.26) 

NV (0.76) . TX(0.46) MD(0.81) AL (0.35) 

MD(l.15) MD (0.85) AL(l.03) MD (0.63) 
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TABLE 39 Statistical Comparison of Freeze-Thaw Tensile Strength Subjected to 
Different Levels of Saturation—90% vs. 75% 

Note: * The tensile strength for a saturation level of 90% increases, decreases, or is statistically the same as the tensile 
strength for a level of 75% for freeze-thaw data sets. 

TABLE 40 No Freeze-Thaw Conditioned Tensile Strength Ratio and Method of Compaction 

Note: * Arranged on the basis of tensile strength ratio. 

TABLE 41 Freeze-Thaw Conditioned Tensile Strength Ratio and Method of Compaction 

Note: * Arranged on the basis of tensile strength ratio. 



Method of Compaction 
Mixture 

Gyratory 150 Gyratory I 00 Marshall 100 Hveem 100 

Alabama S (s) L L L (s) 

Colorado (s)* s S (s) s 

Maryland L L S (s) S (s) 

Nevada L (s) S (s) s L (s) 

Texas L s S (s) s 

MIXTURE CONDITIONING METHOD OF COMPACTION 

Gyratory 1S0 Gyratory 100 Marshall 100 Hveem 100 

Alabama No F-T 70,80 

F-T 70,80 

Colorado No F-T 

F-T 

Maryland No F-T 70*,80 70,80 

F-T 70,80 70,80 70,80 

Nevada No F-T 70 

F-T 70 

Texas No F-T 

F-T 
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TABLE 42 Comparison of No Freeze-Thaw and Freeze-Thaw Tensile Strength Ratios 

Notes: S—Freeze-thaw conditioned tensile strength ratio smaller than no freeze-thaw conditioned tensile strength ratio. 
L—Freeze-thaw conditioned tensile strength ratio larger than no freeze-thaw conditioned tensile strength ratio. 
(s)—Freeze-thaw conditioned tensile strength ratio smaller or larger than no freeze-thaw conditioned tensile strength but 

probably statistically the same. 
*—Same reported ratios. 

TABLE 43 Acceptable Mixtures 

Note: * Meets 70% or 80% retained tensile strength ratio. 



Compaction Loose Mix Compacted Mix Saturation Level 
Method Aging,HRS Aging,HRS 

55 75 90 

70% 80% 70% 80% 70% 80% 

Gyratory 0 X 

150mm 

16 0 
96 

2 0 
96 X X X X X 

4 0 
96 X X 

Marshall 0 0 
100mm 96 X X X X 

16 0 X 

96 

2 0 
96 X X X X X X 

4 0 X X 

96 

All Gyratory 3 I I 1 2 0 

All Marshall I 1 2 2 4 3 

Total 4 2 3 3 6 3 

Compaction Loose Mix Compacted Mix Saturation Level 
Method Aging.HRS Aging,HRS 

55 75 90 

70% 80% 70% 80% 70% 80% 

Gyratory 0 X 

150mm X 

16 0 
96 

2 0 
96 

4 0 
96 X X 

Marshall 0 0 
100mm 96 

16 0 
96 

2 0 
96 X X X X 

4 0 
96 

All Gyratory 2 0 2 0 0 0 

All Marshall 1 0 1 1 I 0 

Total 3 0 3 I I 0 

TABLE 44 Tensile Strength Ratio for No Freeze-Thaw Conditioning 

Note: x—Tensile strength ratio exceeded the value shown (13 data sets exceeded 70%; 8 data sets exceeded 80%). 

TABLE 45 Tensile Strength Ratio for Freeze-Thaw Conditioning 

Note: x—Tensile strength ratio exceeded the value shown (7 data sets exceeded 70%; 1 data set exceeded 80%). 



Standard Deviation (psi) Coefficient of Variation(%) 
Method of 

Compaction >5 >10 >15 >20 >5 >10 >15 >20 

Gyratory 150 mm 11* 3 1 0 8 7 2 1 

Gyratory 100 mm 7 5 l 1 9 5 1 0 

Marshall I 00 mm 11 7 2 2 12 8 3 2 

Hveem 100mm 9 3 1 0 11 5 3 l 

Method of Standard Deviation (psi) Coefficient of V aria ti on (%) 
Compaction 

<5 <10 <15 <20 <5 <10 <15 <20 

Gyratory 150 mm 3* 10 15 17 3 8 14 16 

Marshall 100 mm 2 5 12 15 2 5 11 15 

Standard Deviation (psi) Coefficient of Variation (%) 
State 

>5 >10 >15 >20 >5 >10 >15 >20 

Alabama 8* 6 0 0 II 8 1 1 

Colorado 9 3 l 1 10 9 6 2 

Maryland 3 0 0 0 6 I 0 0 

Nevada 11 7 4 2 8 5 2 1 

Texas 7 2 0 0 6 2 0 0 

Standard Deviation (psi) Coefficient of Variation (%) 
State 

<5* <10 <15 <20 <5 <10 <15 <20 

Alabama 2 5 10 12 1 5 9 10 

Colorado 3 8 10 12 1 3 6 10 

Nevada 0 2 7 8 3 5 9 II 
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TABLE 46 Variability and Method of Compaction 

Note: * Number of data sets above the indicated standard deviation or coefficient of variation (15 possible data sets per method of 
compaction). 

TABLE 47 Variability and Method of Compaction 

Note: * Number of data sets below the indicated standard deviation or coefficient of variation (18 possible data sets per method of 
compaction). 

TABLE 48 Variability and Mixture Source 

Note: * Number of data sets above the indicated standard deviation of coefficient of variation (12 possible data sets per mixture). 

TABLE 49 Variability and Mixture Source 

Note: * Number of data sets below the indicated standard deviation or coefficient of variation (12 possible data sets per mixture). 



Factor or Interaction FValue Rank Pr>F Significant 

SCOND 2130.95 1 0.0001 y 
LMA 156.45 2 0.0001 y 
CMA*SCOND 77.62 3 0.0001 y 
COMP*LMA*CMA 56.91 4 0.0001 y 
COMP*SCOND 51.41 5 0.0001 y 
LMA*SCOND 39.97 6 0.0001 y 
COMP*CMA *SCOND 35.73 7 0.0001 y 
LMA*CMA 28.64 8 0.0001 y 
LMA *CMA *SCOND 27.40 9 0.0001 y 
COMP*CMA 26.03 10 0.0001 y 
COMP*LMA 25.69 11 0.0001 y 
COMP*LMA *SCOND 24.00 12 0.0001 y 
CMA 23.92 13 0.0001 y 
COMP"'LMA *CMA *SCOND 19.10 14 0.0001 y 
COMP*LMA *SATLEV 7.20 15 0.0001 y 
COMP 7.03 16 0.0085 y 
COMP*SA TLEV 5.97 17 0.0029 y 
COMP*LMA *CMA *SA TLEV 5.38 18 0.0001 y 
SATLEV 5.26 19 0.0057 y 
CMA*SATLEV 5.25 20 0.0058 y 
LMA*SATLEV 5.02 21 0.0001 y 
COMP*LMA *CMA *SATLEV*SCOND 5.00 22 0.0001 y 
LMA *SATLEV*SCOND 4.91 23 0.0001 y 
SA TLEV*SCOND 4.23 24 0.0024 y 
COMP*SATLEV*SCOND 3.85 25 0.0046 y 
COMP*CMA *SA TLEV*SCOND 2.94 26 0.0208 y 
LMA *CMA *SATLEV*SCOND 2.32 27 0.0076 y 
CMA *SA TLEV*SCOND 2.23 28 0.0664 n 
COMP*LMA *SA TLEV*SCOND 2.05 29 0.0203 y 
LMA*CMA*SATLEV 1.59 30 0.1488 n 
COMP*CMA *SA TLEV 0.52 31 0.5973 n 

Source F Value Rank Pr>F Significant 

LMA 142.86 l 0.0001 y 
COMP*CMA 55.07 2 0.0001 y 
CMA 54.92 3 0.0001 y 
COMP*LMA *CMA 41.60 4 0.0001 y 
COMP*LMA 34.27 5 0.0001 y 
COMP 24.55 6 0.0001 y 
LMA*CMA 20.02 7 0.0001 y 
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TABLE 50 ANOVA Analysis for the Complete Factorial Experiment with Three Levels of 
Sample Conditioning 

Notes: COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; SATLEV—saturation level; 
SCOND—sample conditioning. 

TABLE 51 ANOVA Analysis of the Complete Factorial Experiment for the Dry Tensile Strength 

Notes: COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; SATLEV—saturation level; 
SCOND—sample conditioning. 



Source FValue Rank Pr>F Significant 

LMA 59.29 1 0.0001 y 
CMA 51.53 2 0.0001 y 
LMA*CMA 45.16 3 0.0001 y 
COMP 43.17 4 0.0001 y 
COMP*LMA 31.14 5 0.0001 y 
COMP*LMA *CMA 25.83 6 0.0001 y 
COMP*CMA 13.66 7 0.0004 y 
COMP*SATLEV 9.62 8 0.0002 y 
COMP*LMA *CMA *SA TLEV 7.62 9 0.0001 y 
CMA*SATLEV 7.03 10 0.0015 y 
COMP*CMA *SA TLEV 5.20 11 0.0001 y 
SATLEV 4.93 12 0.0092 y 
LMA*SATLEV 4.89 13 0.0002 y 
COMP*CMA *SATLEV 4.87 14 0.0098 y 
LMA*CMA*SATLEV 4.60 15 0.0004 y 

Source F Value Rank Pr>F Significant 

CMA 77.13 I 0.0001 y 
COMP 44.43 2 0.0001 y 
COMP*CMA 28.82 3 0.0001 y 
COMP*LMA *CMA 27.47 4 0.0001 y 
LMA 23.94 5 0.0001 y 
LMA*CMA 16.07 6 0.0001 y 
LMA*SATLEV 11.03 7 0.0001 y 
SATLEV 9.64 8 0.0002 y 
COMP*LMA *CMA *SA TLEV 8.08 9 0.0001 y 
COMP*LMA 6.75 10 0.0004 y 
COMP*LMA*SATLEV 6.49 II 0.0001 y 
COMP*SA TLEV 3.91 12 0.0234 y 
CMA*SATLEV 2.55 13 0.0835 n 
LMA *CMA *SA TLEV 1.64 14 0.1461 n 
COMP*CMA *SATLEV 1.53 15 0.2224 n 

Source FValue Rank Pr>F Significant 

SOURCE 733.26 1 0.0001 y 
COMP*CMA 99.59 2 0.0001 y 
SOURCE*LMA 56.40 3 0.0001 y 
LMA 46.16 4 0.0001 y 
SOURCE*CMA 41.71 5 0.0001 y 
SOURCE*COMP 36.44 6 0.0001 y 
COMP 34.86 7 0.0001 y 
SOURCE*LMA *CMA 30.07 8 0.0001 y 
LMA*CMA 24.36 9 0.0001 y 
CMA 23.14 10 0.0001 y 
COMP*LMA 2.72 II 0.0447 y 
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TABLE 52 ANOVA Analysis of the Complete Factorial Experiment for the No Freeze Tensile 
Strength 

Notes: COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; SATLEV—saturation level; 
SCOND—sample conditioning. 

TABLE 53 ANOVA Analysis of the Complete Factorial Experiment for the Freeze-Thaw 
Tensile Strength 

Notes: COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; SATLEV—saturation level; 
SCOND—sample conditioning. 

TABLE 54 ANOVA Analysis of the Partial Factorial Experiment for the Dry Tensile Strength 

Notes: SOURCE—aggregate source; COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; 
SATLEV—saturation level; SCOND—sample conditioning. 



Source F Value Rank Pr>F Significant 

SOURCE 399.56 I 0.0001 y 
LMA 40.74 2 0.0001 y 
CMA 38.61 3 0.0001 y 
SOURCE*CMA 29.03 4 0.0001 y 
SOURCE*LMA 23.13 5 0.0001 y 
COMP I 1.78 6 0.0001 y 
SOURCE*SATLEV 6.94 7 0.0001 y 
SATLEV 6.07 8 0.0029 y 
SOURCE*LMA *SA TLEV 5.00 9 0.0024 y 
LMA*SATLEV 3.84 10 0.0013 y 
COMP*SATLEV 3.17 11 0.0768 n 
LMA*CMA 2.40 12 0.1236 n 
COMP*LMA 1.10 13 0.2960 n 

Source FValue Rank Pr>F Significant 

SOURCE 192.49 1 0.0001 y 
SATLEV 20.22 2 0.0001 y 
SOURCE*CMA 13.17 3 0.0001 y 
CMA*SATLEV 10.11 4 0.0001 y 
LMA 8.70 5 0.0001 y 
LMA *CMA *SATLEV 8.06 6 0.0051 y 
SOURCE*COMP 5.94 7 0.0159 y 
CMA 5.80 8 0.0172 y 
SOURCE*SA TLEV 5.44 9 0.0243 y 
COMP 5.17 10 0.0243 y 
SOURCE*LMA *SA TLEV 4.74 11 0.0001 y 
LMA*CMA 3.21 12 0.0246 y 
LMA* SATLEV 2.47 13 0.0257 y 
SOURCE*LMA 2.30 14 0.0097 y 
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TABLE 55 ANOVA Analysis of the Partial Factorial Experiment for the No-Freeze-Thaw 
Tensile Strength 

Notes: SOURCE—aggregate source; COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; 
SATLEV—saturation level; SCOND—sample conditioning. 

TABLE 56 ANOVA Analysis of the Partial Factorial Experiment for the Freeze-Thaw Tensile 
Strength 

Notes: SOURCE—aggregate source; COMP—compaction method; LMA—loose mix aging; CMA—compacted mix aging; 
SATLEV—saturation level; SCOND—sample conditioning. 
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CHAPTER 4 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

The information presented in this study suggests the fol-
lowing conclusions. 

Dry Tensile Strength 

G150 Samples versus M100 Samples 

The dry tensile strength of M100 compacted samples is not 
consistently different than the dry tensile strength of samples 
prepared by the G150 compactor. This conclusion is based 
on the pair-wise statistical comparisons (Tables 14, 20, and 
23) and on the ANOVA complete factorial (Table 51) and 
partial factorial (Table 54) studies. 

G150 Samples versus G100 Samples 

The dry tensile strength of G100 compacted samples is sta-
tistically larger than the dry tensile strength of samples pre-
pared by the G150 compactor. This conclusion is based on a 
pair-wise statistical comparison (Table 13) in which 4 of 5 
possible comparison groups exhibited the stated behavior. 

G150 Samples versus H100 Samples 

The dry tensile strength of H100 compacted samples is sta-
tistically larger than the dry tensile strength of samples pre-
pared by the G150 compactor. This conclusion is based on a 
pair-wise statistical comparison (Table 15) in which 2 of 5 
possible comparison groups exhibited the stated behavior. 

Loose Mix Aging 

Dry tensile strength is influenced by the method of loose 
mix aging. This conclusion is based on a pair-wise statistical 
comparison (Table 21) in which 4 of 12 possible comparison 
groups exhibited an increase in dry tensile strength with loose 
mix aging and on the ANOVA complete factorial (Table 51) 
and partial factorial (Table 54) studies, which identify loose 
mix aging as the most important factor influencing dry tensile 
strength. 

Compacted Mix Aging 

Dry tensile strength is influenced by the method of com-
pacted mix aging. This conclusion is not supported by the 
pair-wise statistical comparisons shown in Table 21; how-
ever, the ANOVA complete factorial (Table 51) and the par-
tial factorial (Table 54) studies identify compacted mix aging 
as among the most important factors influencing dry tensile 
strength. 

Mixture Source 

Dry tensile strength is influenced by the mixture source 
(aggregate and asphalt binder). All tasks of this study support 
this conclusion (7–9). The ANOVA for the partial factorial 
task (Table 54) identifies mixture source as the most impor-
tant factor influencing dry tensile strength. 

No Freeze-Thaw Tensile Strength 

G150 Samples versus M100 Samples 

The no freeze-thaw tensile strength of M100 compacted 
samples is not consistently different than the no freeze-thaw 
tensile strength of samples prepared by the G150 compactor. 
This conclusion is based on the pair-wise statistical compar-
isons (Tables 14, 20, and 23) and the ANOVA complete fac-
torial (Table 52) and partial factorial (Table 55) studies. The 
complete factorial and partial factorial ANOVAs indicate 
that the method of compaction has some influence on the no 
freeze-thaw tensile strength (M100 versus G150). 

G150 Samples versus G100 Samples 

The no freeze-thaw tensile strength of G100 compacted 
samples is about equal to the no freeze-thaw tensile strength 
of samples prepared by the G150 compactor. This conclusion 
is based on a pair-wise statistical comparison (Table 13) in 
which 4 of 5 possible comparison groups exhibited the stated 
behavior. One comparison group indicated that the G100 
samples had statistically lower no freeze-thaw tensile strengths 
than the G150 compacted samples. 



73 

G150 Samples versus H100 Samples 

The no freeze-thaw tensile strength of H100 compacted 
samples is about equal to the no freeze-thaw tensile strength 
of samples prepared by the G150 compactor. This conclusion 
is based on a pair-wise statistical comparison (Table 15) in 
which 4 of 5 possible comparison groups exhibited the stated 
behavior. One comparison group indicated that the H100 
samples had statistically lower no freeze-thaw tensile strengths 
than did the G150 compacted samples. 

Loose Mix Aging 

The no freeze-thaw tensile strength is influenced by the 
method of loose mix aging. This conclusion is based on a 
pair-wise statistical comparison (Table 24) in which 10 of 36 
possible comparison groups exhibited an increase in no 
freeze-thaw tensile strength with loose mix aging and on the 
ANOVA complete factorial (Table 52) and partial factorial 
(Table 55) studies, which identify loose mix aging as the 
most important factor influencing the no freeze-thaw tensile 
strength. 

Compacted Mix Aging 

The no freeze-thaw tensile strength is influenced by the 
method of compacted mix aging. This conclusion is based on 
a pair-wise statistical comparison (Table 25) in which 4 of 24 
possible comparison groups exhibited an increase in no 
freeze-thaw tensile strength with compacted mix aging and 
on the ANOVA complete factorial (Table 52) and partial fac-
torial (Table 55) studies, which identify compacted mix 
aging as among the most important factors influencing the no 
freeze-thaw tensile strength. 

Mixture Source 

The no freeze-thaw tensile strength is influenced by the 
mixture source (aggregate and asphalt binder). All tasks of 
this study support this conclusion (7–9). The ANOVA for the 
partial factorial task (Table 55) identifies mixture source as 
the most important factor influencing the no freeze-thaw ten-
sile strength. 

Freeze-Thaw Tensile Strength 

G150 Samples versus M100 Samples 

The freeze-thaw tensile strength of M100 compacted 
samples is statistically different than the freeze-thaw tensile 
strength of samples prepared by the G150 compactor. This 
conclusion is based on the pair-wise statistical comparisons 

(Tables 14, 20, and 23) and on the ANOVA complete facto-
rial (Table 53) and partial factorial (Table 56) studies. 

The pair-wise comparisons suggests that the freeze-thaw 
tensile strength for the M100 samples is typically lower than 
the freeze-thaw tensile strength of the G150 samples (Tables 
14, 20, and 23). It should be noted that some of these com-
parisons indicate that higher freeze-thaw tensile strengths 
can be obtained with the G150 samples as compared with the 
M100 samples (Tables 14 and 23). The ANOVA complete 
factorial (Table 53) and the partial factorial (Table 56) stud-
ies indicated that compaction method is among the important 
factors influencing freeze-thaw tensile strength. 

G150 Samples versus G100 Samples 

The freeze-thaw tensile strength of G100 compacted 
samples is statistically lower in value than the freeze-thaw 
tensile strength of samples prepared by the G150 compactor. 
This conclusion is based on a pair-wise statistical compari-
son (Table 13) in which 2 of 5 possible comparison groups 
exhibited the stated behavior. Three of 5 comparison groups 
indicated that the G100 and G150 samples had statistically 
the same freeze-thaw tensile strength. 

G150 Samples versus H100 Samples 

The freeze-thaw tensile strength of H100 compacted 
samples is statistically lower in value than the freeze-thaw 
tensile strength of samples prepared by the G150 compactor. 
This conclusion is based on a pair-wise statistical compari-
son (Table 15) in which 2 of 5 possible comparison groups 
exhibited the stated behavior. Three of the 5 comparisons 
groups indicated that the H100 and G150 samples had statis-
tically the same freeze-thaw tensile strength. 

Loose Mix Aging 

Freeze-thaw tensile strength is influenced by the method 
of loose mix aging. This conclusion is supported by the 
results from the pair-wise statistical comparison (Table 26) 
in which 3 of 36 possible comparison groups exhibited an 
increase in freeze-thaw tensile strength with loose mix aging 
and by the ANOVA complete factorial (Table 53) and partial 
factorial (Table 56) studies, which identify loose mix aging 
as an important factor influencing freeze-thaw tensile strength. 

Compacted Mix Aging 

Freeze-thaw tensile strength is influenced by the method 
of compacted mix aging. This conclusion is supported some-
what by the results from the pair-wise statistical comparison 
(Table 27) in which 3 of 24 possible comparison groups 
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exhibited a decrease in freeze-thaw tensile strength with 
compacted mix aging and by the ANOVA complete factor-
ial (Table 53) and partial factorial (Table 56) studies, which 
identify compacted mix aging as an important factor influ-
encing freeze-thaw tensile strength. 

Dry versus No Freeze-Thaw Tensile Strength 

Pairwise statistical comparisons shown in Tables 28 and 
29 indicate that the no freeze-thaw tensile strength was lower 
than the dry tensile strength in 45 of 68 possible compar-
isons. The lower no freeze-thaw tensile strengths as com-
pared with the dry tensile strengths were more frequently 
associated with l00-mm-diameter samples prepared with the 
Superpave gyratory and Hveem kneading compactors and 
with samples prepared with the Nevada and Texas materials. 

Dry versus Freeze-Thaw Tensile Strength 

Pairwise statistical comparisons shown in Tables 30 and 31 
indicate that freeze-thaw tensile strength was lower than dry 
tensile strength in 52 of 68 possible comparisons. The lower 
freeze-thaw tensile strengths as compared with the dry ten-
sile strengths were more frequently associated with 100-mm-
diameter samples prepared with the Superpave gyratory and 
Hveem kneading compactors and with samples prepared with 
the Nevada and Texas materials. 

No Freeze-Thaw versus Freeze-Thaw 
Tensile Strength 

Pair-wise statistical comparisons shown in Tables 32 and 
33 indicate that the freeze-thaw tensile strength was the same 
as the no freeze-thaw tensile strength in 56 of 68 possible 
comparisons. Freeze-thaw tensile strengths were lower than 
no freeze-thaw tensile strengths in 8 of 68 possible compar-
isons. These lower freeze-thaw tensile strengths were most 
frequently associated with the Nevada aggregate, which is 
considered water-sensitive. 

The complete factorial ANOVA study indicates that sam-
ple conditioning (i.e., dry, no freeze-thaw, and freeze-thaw) 
is the most important factor influencing tensile strength 
(Table 50). 

Level of Saturation 

The complete factorial and partial factorial tasks of the 
experiment investigated the influence of saturation level on 
tensile strength of conditioned and aged samples. The com-
plete factorial experiment performed with the Nevada aggre-
gate and both the G150 and M100 compactors indicated that 
the level of saturation has little effect on the no freeze-thaw 
and freeze-thaw tensile strengths (Tables 34–39). 

The ANOVA analyses conducted on the complete fac-
torial and partial factorial tasks also indicate that saturation 
level is the least significant main factor influencing the ten-
sile strength of the samples (Tables 50–56). The exception to 
this statement is shown in Table 56, which indicates that sat-
uration level is among the most important factors influencing 
the freeze-thaw tensile strength (based on the partial factor-
ial experiment). 

Tensile Strength Ratio 

The tensile strength ratio is obtained by dividing the con-
ditioned tensile strength (i.e., no freeze-thaw or freeze-thaw) 
by the nonconditioned tensile strength (i.e., dry). In general, 
the tensile strength ratios of G150 compacted samples were 
larger than the tensile strength ratios of samples prepared 
with either the G100 compactor or the H100 compactor (Fig-
ures 4 and 5). These differences in tensile strength ratios are 
due to the generally higher dry tensile strengths and lower 
conditioned tensile strengths obtained on the G100 and H100 
samples as compared with the G150 samples. 

The tensile strength ratio obtained for the M100 compacted 
samples is similar to the ratio obtained for the G150 samples 
(Figures 4 and 5). This similarity is expected, based on the 
comparison of the dry and conditioned tensile strengths dis-
cussed above. 

Water Sensitivity 

Results obtained in this study indicate that the water sen-
sitivities of the mixtures as described by the state DOTs did 
not satisfactorily match the observed behavior of the mix-
tures for a number of data groups in this study. 

The Maryland aggregate was described as water-sensitive, 
and only samples prepared with the Hveem compactor failed 
a 70-percent retained tensile strength criteria (Table 43). The 
Alabama and Texas aggregates have been described as not 
water-sensitive. The Texas mixture failed to reach 70-percent 
tensile strength ratio for all conditions. The Alabama mixture 
exceeded the 70- and 80-percent criteria for only the Mar-
shall impact compacted samples (Table 43). 

The Nevada and Colorado mixtures were both described 
as moderately to highly water-sensitive. The Colorado mix-
ture did not exceed the 70-percent acceptance level for any 
compaction or conditioning (Table 43). The Nevada mixture 
reached 70-percent tensile strength ratio when samples were 
prepared with the G150 compactor (Table 43). In the com-
plete factorial experiment, the Nevada mixture exceeded the 
70-percent acceptance criteria in 7 of 48 possible data groups 
and exceeded 80 percent in only 1 of 48 possible compar-
isons groups (Table 45). The Nevada mixture subjected to 
compacted mix aging had the largest number of sample 
groups exceeding the 70-percent tensile strength ratios. 
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The typical acceptance criteria of 70- and 80-percent 
retained tensile strength ratio ideally should be verified by 
each public agency for its particular aggregate, asphalt binder, 
climate, traffic volume, design standards, and construction 
specifications. 

Variability and Compaction Method 

In general, there is little difference in variability of test 
results among methods of compaction. 

Variability and Mixture Source 

Experience obtained on the Alabama mixture, which was 
prepared with a relatively large nominal maximum size 
Superpave coarse-graded aggregate, suggests that variability 
can be a problem. Numerous samples were retested because 
of the loss of aggregates on the corners and sides of the 
samples during conditioning. In addition, the degree of satu-
ration was difficult to measure with these samples because 
the permeability was high and the ability to measure satu-
rated surfaced dried mass was difficult. 

RECOMMENDATIONS 

Public agencies presently using samples compacted with 
the G100 or H100 compactors to determine the water sensi-
tivity of HMA by AASHTO T283 should not switch to the 
G150 compactor for sample preparation without performing 
a structured laboratory testing program to determine the 
comparative behavior of their aggregates and binders. 

Public agencies presently using samples compacted with 
the M100 compactor to determine the water sensitivity of 
HMA by AASHTO T283 are encouraged to perform a struc-
tured laboratory testing program to determine the compara-
tive behavior of their aggregates and binders before switch-
ing to the G150 compactor. 

During the conduct of the experimental laboratory pro-
grams recommended above, mixtures should be selected so 
that field performance information can be obtained and field 

performance can be correlated with laboratory test parameters. 
This information can be used to establish acceptance criteria 
based on laboratory test results, traffic, climate, and so forth. 

A laboratory testing program investigating the influence of 
multiple freeze-thaw cycles and higher levels of saturation 
on tensile strength should be conducted on G150 compacted 
samples and compared with samples compacted to a l00-mm 
diameter. 

Loose mix aging was identified as a significant factor 
impacting the measured dry and moisture conditioned tensile 
strength property (both no freeze-thaw and freeze-thaw) of 
HMA mixtures. 

Based on the data obtained in this study, it is recom-
mended that loose mix aging of 16 hr at 60 °C should be used 
with the proposed AASHTO T283 method of test. A copy of 
the proposed AASHTO T283 is in Appendix C. 

The no freeze-thaw and freeze-thaw conditioning were 
identified as critical factors impacting the measured moisture-
conditioned tensile strength property of HMA mixtures. The 
pairwise statistical comparisons showed that the no freeze-
thaw and freeze-thaw conditioning had the same effect, with 
the exception of 8 of 68 possible comparisons in which the 
freeze-thaw conditioning showed lower conditioned tensile 
strength than the no freeze-thaw showed. Based on these 
data, and to be conservative, it is recommended that a freeze-
thaw cycle be used with the proposed AASHTO T283 method 
of test. 

The data generated and the statistical analyses performed 
in this study indicated that the level of saturation does not sig-
nificantly affect the magnitude of the moisture-conditioned 
tensile strength (both no freeze-thaw and freeze-thaw). It is 
recommended that a saturation level between 50 and 80 per-
cent be used in the proposed AASHTO T283 method of test. 

The data generated in this study showed that the tensile 
strength ratios measured on the G150 samples are similar to 
the tensile strength ratios measured on the M100 samples. On 
the other hand, there was not strong agreement among the 
tensile strength ratios measured on the G150 samples and 
those measured on the H100 or G100 samples. Based on 
these data, it is recommended that a tensile strength ratio cri-
teria that was developed based on M100 samples be used 
with the G150 samples, while a tensile strength ratio criteria 
that was developed based on H100 or G100 samples should 
be used with extreme caution. 
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APPENDIX A 

MATERIALS AND MIXTURES 

INTRODUCTION 

Asphalt binders and aggregates were obtained from five 
Superpave volumetric mixture design projects in five states. 
Projects in the states of Alabama, Colorado, Maryland, and 
Texas were constructed during the 1997 construction season. 
The materials from Nevada were obtained from the WesTrack 
project constructed in the fall of 1995. Table A-1 contains gen-
eral information on the five projects (Table A-1 is a repeat of 
Table 2 in the main text of the report and is included to make 
the appendix complete). Project location, contractor, design 
traffic volume, asphalt binder grade, and aggregate informa-
tion are included in this table. 

The aggregates used on the Colorado, Maryland, and 
Nevada projects are considered water-sensitive by the state 
highway agencies that supplied the materials. The aggregates 
used in the states of Alabama and Texas are not considered 
water-sensitive by these states. As noted in Table A-1, 
hydrated lime was used as an antistrip agent in the Colorado 
and Nevada mixtures. Antistrip agents were not used by the 
states of Alabama, Maryland, and Texas on their projects. 

ASPHALT BINDERS 

Asphalt binder properties from these projects are shown in 
Table A-2. These data were supplied by the state highway 
agencies. It is not known if the asphalt binders were neat 
asphalts or modified asphalts. The Nevada asphalt binder was 
a neat asphalt cement. 

AGGREGATES 

Tables A-3, A-4, and A-5 contain aggregate property data. 
Superpave aggregate property data are shown in Table A-3. 
Specific gravity and absorption data are shown in Table A-4, 
while gradations are shown in Table A-5. The Alabama mix-
ture used a 37.5-mm nominal maximum size aggregate. The 
Colorado and Nevada aggregates were 19-mm nominal max-
imum size, and the Maryland and Texas aggregates were 
12.5-mm nominal maximum size. All of the reported aggre-
gate information meets the Superpave requirements. 

MIXTURE DESIGN 

Mixture design information is shown in Table A-6. This 
information will be discussed for the individual projects. 

Alabama 

The Alabama materials were sampled by the National 
Center for Asphalt Technology at Auburn University under 
the direction of Doug Hanson. A PG 64-22 asphalt binder 
and a limestone aggregate were used on the project. The mix-
ture design was performed by Whitaker Contracting Corpo-
ration. A design asphalt binder content of 4.4 percent by total 
weight of mixture was used. 

Colorado 

The Colorado materials were sampled by the Colorado 
Department of Transportation (DOT) under the direction of 
Tim Aschenbrener. A PG 64-28 asphalt binder and a partially 
crushed alluvial aggregate were used for the construction 
phase of the project. This binder was not available at the time 
of sampling and a PG 58-28 asphalt binder from the same refin-
ery was used on the research project. The 1-percent hydrated 
lime was also removed from the field mixture for this research 
project. The minus No. 200 sieve size material was increased 
by 1 percent to account for this loss of fine material from the 
lime. Table A-6 shows the mixture design information sup-
plied by Colorado DOT for the mixture with lime and with 
the PG 64-28 asphalt binder, and mixture design information 
obtained by the University of Nevada without lime and with 
the PG 58-28 asphalt binder. A design asphalt binder content 
of 5.6 percent by total weight of mixture was used. 

Maryland 

The Maryland materials were sampled by the Maryland 
State Highway Administration under the direction of Larry 
Michael. A PG 64-28 asphalt binder and limestone aggregate 
were used on the project. A design asphalt binder content of 
5.5 percent by total weight of mixture was used. 



State Project Information Contractor Traffic Volume, Asphalt Antistrip Used Gradation Aggregate 
20 year ESAL, Binder Grade During Type 

Million Construction 

Number Highway Coarse Fine 

Alabama IM- 1H 65 Whitaker 10-30 PG 64-22 None 25.5 mm Limestone Limestone 
STPAAF- Contracting (AC-30)* Coarse 
65-3 (14 I) Corporation 

Blount 
County 

Colorado IR(CX) 1H 25 Corn 5 PG 58-28** 1% 19.0mm Alluvial Alluvial 
025-1 Construction Hydrated Fine (partially (partially 
(122) Lime crushed) crushed) 

Maryland SHA Rt40 Keystone 10-30 PG 64-28 None 12.5 mm Limestone Limestone 
73.0- Coarse 
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Nevada WesTrack Test Granite 3-10 PG 64-22 1.5% 19.0mm Alluvial Alluvial 
Lyon Track Construction Hydrated Fine (partially (partially 

County Lime crushed) crushed) 

Texas NH97 us 82 Duininck 3-10 PG 70-22 None 12.5mm Limestone Limestone 
(428) CSJ- Brothers Coarse 

44-3-38 
Clay 

County 

State PG Grade Original Binder RTFOT Aged Binder PAV Aged Binder 

Flash Viscosity DSR Mass Loss, DSR DSR BBR AASHTO TPI 
Point @ 135•c AASHTO Percent AASHTO AASHTO 

AASHTO ASTM TP5 TP5 TP5 Temp@S Temp@ 
T48, °C D4402, Temp@ Temp@ Temp@ =500 m=0.30, 

Pa.s 1.00 kPa, 2.2 kPa, 5000 kPa, Mpa, •c •c 
•c •c •c 

Alabama 64-22 292-315 0.390 to 64 0.1-0.2 64 25.0 -12.0 -12.0 
(AC-30) 0.525 

(Hunt Oil) 

Colorado 58-28 0.30 62.3 0.5 63.1 17.4 -19.0 -18.4 
(Conoco) 

Maryland 64-28 

Nevada 64-22 276 0.3 65.3 0.3 65.5 24.0 -14.3 -13.3 
(Huntway) 

Texas 70-22 310 (1) (2) (3) (4) (5) 
(NESTE) 
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TABLE A-1 General Project Information 

Notes: * PG 67-22 
** PG 58-28 used in laboratory study; PG 64-28 from Koch used for construction 

TABLE A-2 Asphalt Binder Properties 

Notes: (1) 1.336 kPa @ 70 °C 
(2) 3.176 kPa @ 70 °C 
(3) 2.764 mPa @ 28 °C 
(4) 186.3 mPa @ −12 °C 
(5) 0.348 @ −12 °C 



State Nominal Coarse Aggregate Fine Aggregate Blended Aggregate 
maximum 

Coarse Flat& Los Fine Sand Soundness Deleterious 

Size,mm 
Aggregate Elongated Angeles Aggregate Equivalent AASHTO Materials 
Angularity ASTM Abrasion Angularity AASHTO T104, AASHTO 

ASTM D4791, AASHTO AASHTO T176, ASTM T112, 
D5821* Percent T96, TP33, Percent C88, ASTM 

ASTM Air Voids Percent C142, 
C131,C535 Percent 

Alabama 37.5 100/100 3:1-1.3 20 46 49 98 0 
5:1-0.0 

Colorado 19.0 197 0.0 23 45.8 64 

Maryland 12.5 100/100 4 19 47 67 

Nevada 19.0 100/100 0.0 44.8 72.0 

Texas 12.5 100/100 0.0 29 55.1 87 22 0 

State Apparent Specific Gravity Bulk Specific Gravity Water Absorption Capacity, Effective Asphalt 
Percent Specific Absorption, 

Gravity Percent 

Fine Coarse Combined Fine Coarse Combined Fine Coarse Combined 

Aggregate Aggregate Aggregate Aggregate Aggregate Aggregate Aggregate Aggregate Aggregate 

Alabama 2.740 2.719 2.722 2.687 2.697 2.690 0.5 0.5 0.5 2.716 0.37 

Colorado 2.610 2.725 2.681 2.606 2.577 2.594 0.70 2.08 1.25 2.633 0.57 

Maryland 2.704 2.714 2.708 2.644 2.689 2.660 1.34 0.55 0.73 2.684 

Nevada 2.715 2.569 2.07 2.628 0.90 

Texas 2.659 2.644 2.647 2.653 

Sieve Size Alabama Colorado Maryland Nevada Texas 

mm Inch 
(Designation) 

37.5 1.5 100 100 100 100 100 

25 I 100 100 100 100 100 

19 3/4 88.0 100 100 100 100 

12.5 1/2 60.7 87.1 95.1 88.0 89.3 

9.5 3/8 46.6 75.8 81.0 75.S 70.0 

4.75 N°4 25.2 52.5 53.1 50.4 42.4 

2.36 N°8 17.8 35.1 34.0 39.1 24.4 

1.18 N° 16 11.7 23.3 21.1 34.6 17.5 

0.6 N°30 7.7 16.0 14.2 27.1 11.5 

0.3 N°50 5.6 7.6 8.7 14.4 5.5 

0.15 N° 100 3.2 1.7 6.3 6.3 3.1 

0,075 N° 200 2.2 0.3 2.3 3.3 0.2 

TABLE A-3 Superpave Aggregate Properties 

Note: * Percent one and two faces. 

TABLE A-4 Aggregate Properties 

TABLE A-5 Aggregate Gradation 



 

State Design Effective Percent of Theoretical Maximum Density @ Voids in Voids Dust to Water Sensitivity, 
Asphalt Design Mineral Filled with Asphalt Tensile Strength 
Binder Asphalt Aggregate, Asphalt, Ratio Ratio 

Content, Binder Percent Percent 
Percent by Content Ninitial N design Nmax 

Total percent by 
Mass Total Mass 

Alabama 4.40 4.03 84.2 96.0 97.8 13.4 71 1.07 0.92 
(9) (121) (195) 

Colorado 5.6 • 87.9 (8) 96.1 (109) 97.8 (174) 15.5 73 0.98 0.97 

5.6 •• 5.1 97.5 (8) 96.0 (109) 97.3 (174) 15.4 74 1.18 

Maryland 5.5 84.6 (8) 96.0 (109) 97.6 (174) 15.6 75 0.90 

Nevada 5.0 4.1 89.1 (8) 96.0 (96) 96.8 (152) 13.5 71 1.19 

Texas 4.5 (I) 84.2 (2) 96.0 (2) 97.6 (2) 14.4 72.2 (2) 0.80 (2) 0.71 (2) 
4.8 (2) (8) (95) (150) (1)*** 

14.9 (2) 
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TABLE A-6 Mixture Design Information 

Notes: * Colorado DOT mix design with PG 64-28 and 1 percent lime 
** University of Nevada mix design with PG 58-28 and no lime 
*** Based on effective specific gravity of aggregate 
(1) Production mix 
(2) Lab design 

Nevada 

The Nevada materials were sampled by the University of 
Nevada in cooperation with Dean Weitzel of the Nevada DOT. 
The PG 62-22 asphalt binder was obtained from FHWA’s 
Materials Reference Library, located in Reno, Nevada, and 
samples were obtained from the WesTrack project con-
structed in 1995. 

The partially crushed alluvial aggregates were obtained 
from the same pit as that used on the WesTrack project (1994 
production) but were sampled from aggregates produced dur-
ing 1997. The mix design information shown in Table A-6 
was developed in the University of Nevada Laboratory on 
aggregates without 1.5 percent lime. The WesTrack project 
used 1.5 percent lime in all mixtures. The minus No. 200 ma-
terial was increased by 1.5 percent to reflect the removal of the 
lime from the WesTrack gradation. A design asphalt binder 
content of 5.0 percent by total weight of mixture was used. 

Texas 

The Texas materials were sampled by the Texas DOT 
under the direction of Maghsoud Tahmoressi. A PG 70-22 
asphalt binder and a limestone aggregate were used on the 
project. The mixture design was performed by the Texas 
DOT. A design binder content of 4.8 percent by total weight 
of mix resulted from the laboratory design. The asphalt 
binder content was adjusted to 4.8 percent by total weight of 
mix in the field based on field-mixed–laboratory-compacted 
volumetrics. 

MIXING AND COMPACTION 

Table A-7 presents a summary of mixing and compaction 
temperatures and compaction efforts required to obtain the 
desired 7 percent air-void content in the laboratory com-
pacted samples. Mixing and compaction temperatures were 
obtained either from the state highway agencies that supplied 
the binders or by performing high-temperature viscosity tests 
with the rotational viscometer. A summary of the methods 
used to establish the compaction efforts for each method of 
compaction is presented below. 

Superpave Gyratory Compactor 

Both 150-mm-diameter by 95 mm and 100-mm-diameter 
by 62 mm Superpave gyratory compacted samples were pre-
pared on this project. The Superpave gyratory compactor 
was used in the height control mode with a pressure of 600 
kPa. The number of gyrations varied with each sample pre-
pared in order to obtain the specified height of the sample to 
produce the desired 7 percent ±1 percent air voids. 

The mass of hot-mix asphalt (HMA) to be compacted to 
achieve the desired air-void content and sample size was 
determined by a trial-and-error procedure. An estimated 
desired quantity of HMA was determined by calculation. This 
estimated quantity was varied ±100 g, and samples were com-
pacted by the gyratory compactor set in the height control 
mode to produce samples 95 mm or 62 mm in height, depend-
ing on the diameter of the samples. The data from these trials 



State Mix Temp., °C (0f) Compaction Temp., Compaction Effort 
"C (Of) 

Gyratory 150 mm Gyratory I 50 mm Marshall Impact Hveem Kneading 
Diameter, (GIS0) Diameter (Gl50) I 00 mm Diameter I 00 mm Diameter 

(Ml00) (HIOO) 

Alabama 149 (300) 143 (290) (I) (2) 40 blows/face (3) 

Colorado 163 (325) 149 (300) (!) (2) 35 blows/face (3) 

Maryland 163 (325) 143 (290) (!) (2) 40 blows/face (3) 

Nevada 151 (303) 141 (285) (I) (2) 58 blows/face (3) 

Texas 155(311) 150(302). (I) (2) 45 blows/face (3) 
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TABLE A-7 Mixing and Compaction Conditions 

Notes: (1) 600 kPa pressure with variable number of gyrations to obtain 95-mm height 
(2) 600 kPa pressure with variable number of gyrations to obtain 62-mm height 
(3) 25 tamps at 250 psi, static compaction to 62-mm height 

(which were conducted for each mixture) were then plotted, 
and the quantity of material determined which quantity pro-
vided samples of the desired dimensions and air voids. 

Marshall Impact Compactor 

An estimated mass of the sample was determined based on 
calculation and on the mass of the samples used for the 
Hveem compacted samples. With the selected mass of the 
sample, groups of samples were compacted at 35, 45, and 55 
blows per face. The number of blows were selected that pro-
duced the desired air voids and dimensions of the samples. 
For some mixtures, the mass of the material was increased or 
decreased to provide the desired samples. The number of 
blows per face for each mixture is shown in Table A-7. A 
leveling load was not applied to the samples. 

Hveem Kneading Compactor 

An estimated mass of HMA was determined to produce 
samples of the desired air voids and dimensions. Samples 
were prepared at this mass and ±100 g of the calculated mass. 
Sets of samples were compacted for each mixture using the 
following procedure: 

1. 25 tamps at 250 psi foot pressure; 
2. Application of leveling load (0.05 in.-per-min applica-

tion rate); and 
3. Holding the leveling load at the desired sample height 

for 1 min prior to unloading. 

The time required to apply the leveling load to achieve the 
desired sample height and the magnitude of the load applied 
varied with mixture and with samples within mixtures. 
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APPENDIX B 

ANOVA ANALYSIS TABLES 
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, THREE LEVELS OF SAMPLE 
CONDITIONING, NEVADA AGGREGATE 



Variable: TSORY 

Source 

Model 

E:rror 

Corrected Total 

Source 

COMP 
U1A 
COMP'lliA 
CMA 
COMP'CMA 
lliA'CMA 
COMP'LMA'CMA 
SAT LEV 
COMP'SATLEV 
U1A'SATLEV 
COMP' U1A' SAT LEV 
CMA'SATLEV 
COMP' CMA • SAT LEV 

or 

41 

96 

143 

R-Square 

0.898601 

or 

l 
3 
3 

U·IA 'Ct1A • SAT LEV 
COMP• I.I-IA •CMA • SATLEV 

1 
3 
3 
2 
2 
6 
6 
2 
2 
6 
6 

TSORY 

General Linear Hodels Procedure 

Sum of Squares 

202101. 51931500 

22806.08000000 

224913.65931500 

c.v. 

6.906989 

Type II I SS 

5833.14062500 
101811.62181500 

24420.11181500 
13041. 35062500 
13081.64062500 
14265.23181500 
29641.82181500 

0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 

Mean Square 

4300.161263)0 

231.56333333 

Root HSE: 

15.41308968 

Mean Square 

5833.14062500 
33931.20129167 

8140.251291~1 
13041. 35062500 
13081. 64062500 

4155.01129161 
9882. 60129161 

0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 

r Value 

18.10 

r value 

24.5!:. 
142.86 

34.21 
54.92 
55.01 
20.02 
41.60 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Pr > r 

0.0001 

TSORY Mean 

223.15208333 

Pr> r 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

15:3) Wednesday, E'ebruary 3, 19 
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, DRY TENSILE STRENGTH, NEVADA AGGREGATE 



Variable: TSllOfT TStlOfT 

Source DF 

Model 41 

£rror 91 

Corrected Total 138 

R-Square 

0.898453 

Source DF 

COMP l 
IJ-IA 3 
COMP' LMA 3 
CMA l 
C0t1P'CMA 
LMA'CMA 3 
COt1P'LMA'CMA 3 
SATLEV 2 
C0t1P'SATLEV 2 
U-IA • SAT LEV 6 
COMP'LMA'SATLEV 6 
Cl1A'SATLEV 2 
COMP'CMA'SATLEV 2 
U1A'CMA' SATL£V 6 
COMP"l..MA'CMA'SATLEV 6 

General Linear Models Procedure 

Sum of Squares 

184925 .14014388 

20901.10000000 

2058H. 84014388 

C.V. 

ll.13016 

Type JI I ss 

9914.82085809 
408 51. 8 4 290814 
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Mean Square 
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Root MSE 
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Hean Square 
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1118.43178113 
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1150.96615618 

F Value Pr> F 

11.13 0.0001 

TStlOfT Mean 

136.16402818 

F Value Pc > F 

43.11 0.0001 
59,29 0.0001 
31.14 0.0001 
51. 53 0.0001 
1).66 0.0004 
45.16 0.0001 
25.83 0.0001 

4.93 0.0092 
9.62 0.0002 
4.89 0.0002 
5.20 0.0001 
1.03 0.0015 
4.81 0.0098 
4.60 0.0004 
1.62 0.0001 

15:)3 Wednesday, f'ebruary 3, l 

85 

ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, WET NO-FREEZE TENSILE STRENGTH, NEVADA AGGREGATE 



General Linear Models Procedure 

Dependent Variable: TSIT TSFT 

Source DF Sum of Squares Mean Square F Value Pr> F 

Hodel 41 114818. 64804148 2444. 22655412 12 .13 0.0001 

Error 90 11281.95666661 192.02174014 

Corrected Total 131 132160.60411014 

R-Square c.v. Root MSE TSFT Mean 

0.869235 12.12899 13.85119094 114. 24855012 

Source DF Type III SS Mean Square F Value Pr > F 

COMP l 8531. 4133!i869 8531. 4133986'• 44. 43 0.0001 
U-IA 3 13188.21815185 4596.0121192b 23.94 0.0001 
COMP"U-IA 3 3886. 97451186 1295. 65811262 6.15 0.0004 
CHA 14809.98151634 ]4809.98151634 11.13 0.0001 
C0!1P'CHA l 5534. 43163)99 5534.43163399 28.82 0.0001 
lJ-IA*CHA 3 9251.91166156 3085.99255385 16.01 0.0001 
COMP*lJ-IA*CMA 3 15826.12125623 5215.31315208 21.41 0.0001 
SATLEV 2 3101.10128158 1850. 55364319 9.64 0.0002 
COHP*SATLEV 2 1503.11140523 151. 55510261 3.91 0.0234 
lJ-IA*SATLEV 6 12110.02259110 2118.33109862 I 1.03 0.0001 
COMP• lJ-IA • SAT LEV 6 1412. 49899686 1245. 41649948 6. 4 9 0.0001 
CMA' SAT LEV 2 980.31964052 490.18982026 2.55 0.0835 
COMP'CHA*SATLEV 2 587 .14256110 293.57129085 1.53 0.2224 
lJ-IA 'CHA• SAT LEV 6 1885.91059581 314. 31843265 1. 64 0.1461 
COMP•lJ-IA•CMA•SATLEV 6 9)01.45263150 1551.24210525 8.08 0.0001 

15:33 Wednesday, February 3, 
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, WET FREEZE-THAW TENSILE STRENGTH, NEVADA AGGREGATE 



Apt•l LO, 1399 

The SAS Syn•• 

General l.lnut Hodeh Procedure 
Cl•.1.1 Level .Cntoaut1on 
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The SAS Synem 

Sua o( Squaru1 M••n Square 

1544517, IUL 7599 10954. J79Zl40 l 

12555, 7J284 996 157 .0]222454 

1517123.20202595 
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1%92.91748315 427. &6219438 

0,00000000 
HJl,JU197J5 HH ,JHL97J5 

:no:. 12202796 6550. U050699 
LS '38. H000000 LS638, 52000000 

0.00000000 
Ul71.19750718 3U4. 83250239 
5UU.150853U 4 721. 804 23777 

0.00000000 
0.00000000 
0.00000000 0.00000000 
0 .00000000 0.00000000 
0.00000000 0.00000000 
0.00000000 0.00000000 
0.00000000 0.00000000 
0.00000000 0.00000000 
0,00000000 
0.00000000 
0.00000000 0.00000000 
0.00000000 0.00000000 
0.00000000 
0.00000000 
0.00000000 0.00000000 
0.00000000 0,00000000 
0.00000000 
0.00000000 

69. 76 

F Value 

7JJ.lli 
]1,96 
Ji.44 
< 6, 16 
So. 40 

2.72 

:3. ll 
IL,71 
99. 59 

21.li 
30.07 

0.00 
0 .00 
0.00 
o.oo 
0,00 
0.00 

~.00 
0.00 

0.00 
0.00 

20:0L S.CUtdAy, 

Pr > r 

0.0001 

TS Mean 

132.55275475 

Pr > r 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0447 

0.0001 
0 .0001 
0. 0001 

0 ,0001 
0.0001 

I .0000 
1.0000 
1.0000 
L.0000 
1.0000 
1.0000 

L.0000 
L.0000 

L,0000 
L .0000 
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~arc1al Caocorlal (Notti 

AprU n. 1n, 

Dep•ndlftC Var:.•bl•: TS TS 

Source or 

Hodel as 

tr:or 159 

Correcced ToUl 214 

il-Squua 

o.,,osu 

Source or 

SOURCE: I 
CCMP I 
SOURCE•CCl1P 0 
lJ1A l 
SOURCE• t.'!A 12 
C01tP•t.'1A I 
S011RCE ·cettr !.'!A 0 
01A I 
$0t/RCE•01A l 
CCHP•OtA 0 
SOIJIICE •CCKP•CMA 0 
IJ1A•QIA I 
SOUIICE•IJ1A•01A 0 
CCHP• lJ1A •QtA 0 
S01111CE•CCHP• lJ1A •QtA 0 
SAT!.EV 2 
SOt/RC!:•SATl.£V 
CCHP• SATLEV 
SOUIICE•CCIIP• SATLEV 0 
1J1A•SATL£V 6 
SOURCE• IJ1A • SATLEV J 
COIIP•t.'1A • SAT LEV 0 
SOURC 'COIIP• lJ1A • SAT!.£ 0 
QiA•SATU:V 0 
SOURCE •QtA • SA Tl.EV 0 
C:CIIP • 01A • SATLEV 0 
SOIIRC'COIIP•OIA • SAT!.£ 0 
t.'tA •QiA • SATLEV 0 
sou11c·U1A·01A ·sArt.i:v 0 
CCHP• t.'1A•Q1A• SATLEV 0 
s011•cc11· t.'1A"C.'!A" SATL 0 

TIie SAS Syotea 

C:•n•ral Llnur Hodah Procedure 
Chu Level In!ar.utlon 

SOOIICE S 

COIIP 2 

SA.Tl.EV 

Values 

AI. CO KD NV TX 

C:ry IU 

Uh 2h lh None 

Oh 96h 

S5 75 90 

TIie SAS Sy•t•• 

General Lin•ar Hod•l~ Procedure 

Sum oC SquUH H••n Squ•r• 

Hun. nsssJ20 l7U.1967712l 

129U.1901Z951 81. 67?26'85 

l2911J.U598270 

c.v. Rooc KS£ 

10.1'257 9.03727098 

Type III SS He•n Square 

llOSJZ.10091517 l26ll. 2002J '29 
9U.1'271032 962.192710J2 

0.00000000 
9981.19'701Jl 3J%7. USS6710 

22618.9'84'491 1989.08070791 
19. 71000000 19. 78000000 
0.00000000 

3153.180'2998 ll5l. IIOU998 
1112.170J1716 2J70. 72lll91S 

0.00000000 
0.00000000 

US.7UOSH2 US. 7UOS892 
0.00000000 
0.00000000 
0.00000000 

992.1177'912 196.07l891S6 
1Sl6.IC8009l9 567 .02100117 
2S9.161U'6J ~S9. L61&296l 

0.00000000 
L880.H7U097 lll.10Z85Ul 
1221 .21371954 108 .091S7JU 

0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 
0.00000000 

12 :01 sundAy, 

12 :01 Sunday, 

r Value Pr > i 

15.SI 0.0001 

TS Hun 

88.92701991 

r 'lalue Pr > !" 

399. S6 0.0001 
11.11 0.0008 

10. 71 0.0001 
ZJ.lJ 0.0001 

L.10 0.2960 

38.61 0.0001 
Z9.0J 0.0001 

Z.10 o. UJ6 

6. 07 0.0029 
6. 91 0 .0001 
J.17 0 .0768 

J.81 0.0013 
s.ao 0.0021· 
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Parual raaco.-.t.al 1n1 

A!>dl 10, 1999 

>.pri.1 10, 1999 

caap1r1•on a.cween ,ac.lev 1nc:a _1ac.lev 

G•neral l.1nHr Hadell Procedure 
Cllu r,..,.i, Intoriuclon 

Chu r.. .. 1a V.alu•• 

SOIIIIC:Z .U. CO MD NV TX 

CctlP 2 Gry Ka 

cw. Uh 21\ 41\ !lone 

QIA % 01\ 9'1\ 

SA?UV l 55 75 90 

Nuab.r ot obaerYaC1011.1 1n dAC• .. c • %8l 

!IOTE: Ou• co aiuinq values, only %61 obHZ:YaCions can be uaed ln chh an.alysh. 

0•P•n4•nc Va.chDh: TS TS 

Sourc:• or sua at Square.s Hean Square 

Hodel 9l i,0411 .2u,u10 l122. 7HOtUl 

£::roe U7 1'904 .0llU1U 101.%2175540 

Correccod Tacal HO l07l21. 29010145 

a-squue c.v. Roac MSC 

0.94499' U.17145 10. oco902J2 

Source or Type III SS Mean Squ•r• 

scuaa: 4 77937. 400J,04 2 U414 .J500,010 
Cc:tlP 1 52l.2''2140t 52l.2,.21409 
s~·CCHP l ,01.0ll50000 ,01. 0]]50000 
IN. J 2'42,50946''2 sao.u,41187 
SOURCE •tw. 12 Z7'5.004U02l UZ.91701252 
Catf•tw. 0 0.00000000 
S0111\CE°COKP•tw. 0 0,00000000 
QIA l 5U,U004520 58'.'5001520 
soaac:E•QIA 4 5ll4.2422UU 1Jll.Hci5,5H 
Cctlf•QfA 0 0.00000000 
soaac:1:•cct1,•QfA 0 0.00000000 
tw.•QfA l '7]. '71250'4 l21.H91U98 
s001ta•r.w.•01A 0 0.00000000 
Cc:t!P• I.HA 'OiA 0 0.00000000 
SCQIICE°Cctlf•tw.•QfA 0 0.00000000 
SA?UV 2 4093. 74020405 2046. 87010202 
S~E· SA?UV I U01.H714HI 550.2Ultl7l 
CatP• SAtuV 0 0.00000000 
SOOIICE•Cctlf•SA?UV 0 0.00000000 
L.'IA • SAl'r.tV ' U01.U200'47 %50.198U808 
S00JIC:Z•tw. • SAl'r.tV 10 4799.0612'794 1n. ,o,un, 
CCHP•tw. • SA?LtV 0 0.00000000 
s01111c·Cct1P· UV.• SATLE 0 0.00000000 
OiA'SATUV 2 201,. 5020257 102J.28H0128 
SOOIICE•QfA•SAn.tV 0 0.00000000 
CctlP"Olo\ • SATLEV o 0.00000000 
s~•CatP•QiA•SATU: 0 0.00000000 
tw.•QVl•SAl'LEV 1 11,.00200,e IU.00245098 
SOIIIIC• UV. •QIA • SATLEV 0 0.00000000 
CCMP•tw.•Ql,\•SATU:V 0 0.00000000 
s011•cc:t1•tw.•01A•SATL 0 0.00000000 

r Value 

J0.85 

r Value 

U2.19 
5.l7 
5.94 
I. 70 
% .JO 

5 .ao 
1J.l7 

l.21 

20.zz 
5. 41 

:. 41 
1.ll 

10.11 

•• 0, 

20: 11 sacurday, 

20:U SACurday, 

Pr > r 

0.0001 

t'S He•n 

87, '579840l 

Pr > r 

0.0001 
0.02,1 
0.0U9 
0.0001 
0.0097 

0.0172 
0.0001 

0.0246 

0.0001 
0 .0001 

0 ,0257 
0.0001 

0 .0001 

0.0051 

89 

ANOVA ANALYSIS FOR PARTIAL FACTORIAL EXPERIMENT, WET FREEZE-THAW TENSILE STRENGTH, 
ALL AGGREGATE SOURCES 



90 

APPENDIX C 

PROPOSED AASHTO T283 



Method of Test 
for 

Resistance of Compacted Bituminous Mixture 
to Moisture Induced Damage 

AASHTO DESIGNATION: T 283-99 

1. SCOPE 

I.I This method covers preparation of 
specimens and measurement of the change of 
diameter tensile strength resulting from the 
effects of water saturation and accelerated 
water conditioning with a freeze-thaw cycle 
of compacted bituminous mixtures in the 
laboratory. The results may be used to 
predict long-term stripping susceptibility of 
the bituminous mixtures, and to evaluate 
liquid anti-stripping additives which are 
added to the asphalt cement or pulverulent 
solids, such as hydrated lime or Portland 
cement, which are added to the mineral 
aggregate. 

1.2 The values stated in SI units are to 
be regarded as the standard. 

2. REFERENCED DOCUMENTS 

2.1 AASHTO Standards: 
M 156 Requirements for 

Mixing Plants for Hot 
Mixed, Hot-Laid 
Bituminous Paving 
Mixtures 

T 166 Bulk Specific Gravity of 
Compacted Bituminous 
Mixtures 

T 167 Compressive Strength 
of Bituminous Mixtures 

Tl 68 Sampling Bituminous 
Paving Mixtures 

T 209 Maximum Specific 
Gravity of Bituminous 
Mixtures Using 
Marshall Apparatus 

T 245 Resistance to Plastic 
Flow of Bituminous 
Mixtures Using 

T246 
Marshall Apparatus 
Resistance to 
Deformation and 
Cohesion of Bituminous 
Mixtures by Means of 
Hveem Apparatus 

T247 

T 269 

Preparation of Test 
Specimens of 
Bituminous Mixtures 
by Means of 
California Kneading 
Compactor 
Percent Air Voids in 
Compacted Dense 
and Open Bituminous 
Paving Mixtures 

TP4 Preparing and 
Determining the 
Density of Hot Mix 
Asphalt (HMA) 
Specimens by Means 
of the SHRP Gyratory 
Compactor. 

2.2 ASTM Standards: 
D979 Sampling Bituminous 

Paving Mixtures 
D 2041 Test Method for 

D3387 

D3549 

Theoretical Maximum 
Specific Gravity and 
Density of 
Bituminous Paving 
Mixtures 
Test Method for 
Compaction and 
Shear Properties of 
Bituminous Mixtures 
by Means of the U.S. 
Corps of Engineers 
Gyratory Testing 
Machine (GTM) 
Test Method for 
Thickness or Height 
of Compacted 
Bituminous Paving 
Mixture Specimens 

3. SIGNIFICANCE AND USE 

3.1 As noted in the scope, this 
method is intended to evaluate the effects 
of water saturation and accelerated water 
conditioning with a freeze-thaw cycle of 
compacted bituminous mixtures in the 

laboratory. This method can be used (a) 
to test bituminous mixtures in 
conjunction with mixture design 
testing,(lab mixed, lab compacted) (b) to 
test bituminous mixtures produced at 
mixing plants, (field mixed, lab 
compacted) and ( c) to test the bituminous 
concrete cores obtained from completed 
pavements of any age (field mixed, field 
compacted). 

3.2 Numerical indices of retained 
indirect tensile properties are obtained by 
comparing the properties of laboratory 
specimens following saturation and 
accelerated water conditioned with a 
freeze-thaw cycle with the similar 
properties of dry specimens. 

4. SUMMARY OF METHOD 

4.1 Test specimens for each set of 
mix conditions, such as those prepared 
with neat asphalt, asphalt with anti
stripping agent, and aggregate treated 
with lime, are tested (Note l ). Each set 
of specimens is divided into subsets. 
One subset is tested in dry condition for 
indirect tensile strength. The other 
subset is subjected to vacuum saturation, 
a freeze cycle, followed by a warm-water 
soaking cycle before being tested for 
indirect tensile strength. Numerical 
indices of retained indirect tensile 
strength properties are computed from 
the test data obtained by the two subsets: 
dry and conditioned. 

S. APPARATUS 

5.1 Equipment for preparing and 
compacting specimens from one of the 
following: T 245 and T 247, TP4 or 
ASTM D 3387. 
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Vacuum container, preferably 
Type D, from ASTM D 2041 and vacuum 
pump or water aspirator from ASTM D 
2041 including manometer or vacuum 
gauge. 

5.3 Balance and water bath from 
T 166. 

5.4 Water bath capable of maintaining 
a temperature of60 ± I °C (140 ± l.8°F). 

5.5 Freezer maintained at -18±3 ° C 
(0±5°F). 

5.6 A supply of plastic film for 
wrapping, heavy-duty leak-proof plastic 
bags to enclose the saturated specimens, 
and masking tape. 

5. 7 I 0-mL graduated cy I inder. 
5.8 Aluminum pans having a surface 

area of 48400-64500 square millimeters 
(75-100 square inches) in the bottom and a 
depth of approximately 25 mm (1 inch). 

5.9 Forced air draft oven capable of 
maintaining a temperature of 60 ± 1 °C (140 
± l.8°F). 

5.10 Loading jack and ring 
dynamometer from T 245, or a mechanical 
or hydraulic testing machine from T 167 to 
provide a range of accurately controllable 
rates of vertical deformation including 50 
mm per minute (2 in. Per minute). 

5.11 Loading Strips - If used, steel 
loading strips with a concave surface 
having a radius of curvature equal to the 
nominal radius of the test specimen. For 
specimens I 01.6 mm (4 in.) in diameter the 
loading strips shall be 12.7 mm (0.5 in.) 
wide, and for specimens 152.4 mm (6 in.) 
in diameter the loading strips shall be 19.05 
mm (0.75 in.) wide. The length of the 
loading stnps shall be rounded by grinding. 

6. PREPARATION OF 
LABORATORY MIXED, 
LABO RA TORY COMPACTED 
TEST SPECIMENS 

6.1 Make at least six specimens for 
each test, half to be tested dry and the other 
half to be tested after partial saturation and 
moisture conditioning with a freeze-thaw 
cycle (Note 1). 

NOTE 1 - It is recommended that two 
additional specimens for the set be 
prepared. These specimens can then be 
used to establish the vacuum saturation 
technique as given in Section 9.3. 

6.2 Specimens 101.6 mm (4 in.) in 
diameter and 63 .5 mm (2.5 in.) thick or 
150 mm (6 in.) in diameter by 95 mm 
(3.75 in.) thick are used. Specimens of 
150 mm (6 in.) in diameter by 95 mm 
(3. 75 in.) thick should be used if 
aggregate larger than 25.0 mm ( I in.) is 
present in the mixture and/or is not 
permitted to be scalped out. 

6.3 After mixing, the mixture sha11 
be placed in an aluminum pan having a 
surface area of 48400-64500 square 
millimeters (75-100 square inches) in the 
bottom and a depth of approximately 25 
mm (1 in.) and cooled at room 
temperature for 2 ± 0.5 hours. Then the 
mixture shall be placed in a 60°C (140°F) 
oven for 16 hours for curing. The pans 
should be placed on spacers to allow air 
circulation under the pan if the shelves are 
not perforated. 

6.4 Prepare mixtures in batches large 
enough to make at least 3 specimens or, 
alternatively, prepare a batch large enough 
to just make one specimen at a time. If 
preparing a multi-specimen batch, split the 
batch into single specimen quantities 
before placing in the oven. 

6.5 After curing, place the mixture in 
an oven for 2 hours at the compaction 
temperature prior to compaction. 
Compact the specimen in accordance with 
one of the following methods. T 245, T 
247, TP4 and or ASTM 3387. The 
mixture shall be compacted to 7 ± 1.0 
percent air voids or a void level expected 
in the field. This level of voids can be 
obtained by adjusting the number ofblows 
in T 245; adjusting foot pressure, number 
of tamps, leveling load, or some 
combination in T 247; and adjusting the 
number ofrevolutions in TP4 and ASTM 
D 3387. The exact procedure must be 
determined experimenta11y for each 
mixture before compacting the specimens 
for each set. 

6.6 After extraction from the molds, 
the test specimens shall be stored for Oto 
24 hours at room temperature. 

7. PREPARATION OF FIELD 
MIXED,LABORATORY 
COMPACTED TEST SPECIMENS 

7.1 Make at least six specimens for 

each test, half to be tested dry and the 
other half to be tested after partial 
saturation and moisture conditioning 
with a freeze-thaw cycle (Note 1). 

7.2 Specimens 101.6 mm (4 in.) 
in diameter and 63.5 mm (2.5 in.) thick 
or 150 mm (6 in) in diameter by 95 
mm (3. 75 in.) thick are used. 
Specimens of 150 mm (6 in.) in 
diameter by 95 mm (3. 75 in.) thick 
should be used if aggregate larger 
than 25.0 mm (I in.) is present in the 
mixture and/or is not permitted to be 
scalped out. 

7.3 Field mixed bituminous 
paving materials shall be sampled by 
ASTM D979. 

7.4 After sampling, place the 
mixture in an oven for 2 hours at the 
compaction temperature prior to 
compaction. Compact the specimen 
in accordance with one of the 
following methods. T 245, T 247. 
TP4 and or ASTM D3387. The 
mixture shall be compacted to 7 ± 
1.0 percent air voids. This level of 
voids can be obtained by adjusting 
the number of blows in T 245; 
adjusting foot pressure, number of 
tamps, leveling load, or some 
combination in T 247; and adjusting 
the number of revolutions in TP4 
ASTM D 3387. The exact procedure 
must be determined experimentally 
for each mixture before compacting 
the specimens for each set. 

7.5 After extraction from the 
molds. the test specimens shall be 
stored for Oto 24 hours at room 
temperature. 

7. 6 No loose mix aging (section 
6.3) shall be performed on the field 

mixed samples. 

8. PREPARATION OF FIELD 
MIXED, FIELD 
COMP ACTED SPECIMENS 
(CORES) 

8.1 Select locations on the 
completed pavement to be sampled 
and obtain cores. The number of cores 
shall be at least six for each set of mix 
conditions. 

8.2 Separate core layers as 
necessary by sawing or other suitable 
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and store layers to be tested at room 
temperature for O to 24 hours. 

8.3 No loose mix agi11g (section 6.3) 
or compacted mix aging (section 6. 6) shall 
be performed 011 the field mixed, field 
compacted or core specimens. 

9. EVALUATION OF TEST 
SPECIMENS AND GROUPING 

Note 2-A data sheet that is convenient for 
use with this test method is shown as 
Table 1 

9.1 Determine theoretical maximum 
specific gravity (G) of mixture by T 209. 

9.2 Determine specimen thickness 
by ASTM D 3549. 

9.3 Determine specimen diameter 
(DJ 

9.4 Determine bulk specific gravity 
(F) by T I 66. Express volume (E) of 

specimens in cubic centimeters. 
9.5 Calculate air voids by T 269. 
9. 6 Calculate volume of air voids 

i11 cubic centimeters (1) by use of the 
following equatio11. 

where 

!=HE 
JOO 

/=volume of air voids, cubic 
centimeters 
H=air voids, percent 
£=volume of specimen, cubic 
centimeters 
9. i Sort the specimens into two 

subsets of at least three specimens each so 
that average air voids of the two subsets 
are approximately equal. 

10. PRECONDITIONING OF TEST 
SPECIMENS 

10.1 One subset will be tested dry 
and the other will be partially vacuum 
saturated, subjected to freezing and water 
soaked before testing. 

10.2 The dry subset will be stored at 
room temperature until testing. The 
specimens shall be wrapped with plastic or 
placed in a heavy duty leak proof plastic 
bag. The specimens shall then be placed in 
a 25°C (77°F) water bath for a minimum of 
2 hours and then tested as described in 

Section -1-8. 11 
10.3 The other subset shall be 

conditioned as follows: 
10.3.J Place the specimen in the 

vacuum container supported above the 
container bottom by a spacer. Fill the 
container with distilled water at room 
temperature so that the specimens have at 
least one inch of water above their surface. 
Apply a vacuum of 13-67 kPa absolute 
pressure (10-26 in. Hg. partial pressure) 
for a short time (5-10 minutes). Remove 
the vacuum and leave the specimen 
submerged in water for a short time (5-10 
minutes). 

10.3.2 Determine bulk specific gravity 
(F) byT 166. 

10.3.3 Calculate volume of absorbed 
water (./) in cubic centimeter by use of 
the following equation: 

J'=B--B 

where: 

J' = volume of absorbed water, cubic 
centimeter 
B'=mass of saturated surface-dry 
specimen after partial vacuum 
saturation, grams 
B=mass of surface-dry s p e c i m e 11 

prior to partial vacuum saturation, 
grams (section 9.4) 
10.3.4 Determine the degree of 

saturation by comparing volume of 
absorbed water (J) with volume of air 
voids (/) from Section 9.6 with the 
following equation: 

where 

S'=JOOJ' 
I 

S'=degree of saturation, percent 
./=volume of absorbed water, cubic 
centimeter 
/=volume of air voids, cubic 
centimeter 

If the degree of saturation is between 55 
percent and 80 percent, proceed to Section 
10.3.6. 

10.3.5 If degree of saturation is less 
than 55 percent, repeat the procedure 
beginning with Section 10.3.1 using more 
vacuum and/or time. If volume of water is 
more than 80 percent, specimen has been 

damaged and is discarded. Repeat the 
procedure beginning with Section 
I 0.3. I using less vacuum and/or time. 

10.3. 6 Cover each of the vacuum
saturated specimens tightly with a 
plastic film (Saran Wrap or 
equivalent). Place each wrapped 
specimen in a plastic bag containing 
IO mL of water and seal the bag. 
Place the plastic bags containing the 
specimens in a freezer at a temperature 
of-18 :I: 3 °C (0::1:: 5°F) for a minimum 
of 16 hours. Remove specimens from 
the freezer. 

10.3.7 Place the specimens in a 
bath containing distilled water at 60 :I: 
1°C(l40::!::2°F)for24::!:: I hours. As 
soon as possible after placement in the 
water bath, remove the plastic bag and 
film from each specimen. 

10.3.8 After 24 :I: t hours in the 
60°C (140°F) water bath, remove the 
specimens and place them in a water 
bath already at 25 ± 0.5°C (77 ± I °F) 
for! hour. It may be necessary to add 
ice to the water bath to prevent the 
water temperature from rising above 
25°C (77°F). Not more than 15 
minutes should be required for the 
water bath to reach 25°C (77°F). 
Remove the specimen from water bath 
and determine thickness (t ") by ASTM 
D3549. 

10.3.9 Place specimen in a water 
bath already at 25 .:!:. 0.5 °C (77.:!:, l°F) 
for a minimum of 2 hours. Test the 
specimens as described in Sectio11 I I. 

11. TESTING 

11.1 Determine the indirect tensile 
strength of dry and conditioned 
specimens at 25°C (77°F). 

11.2 Remove the specimen from 
25°C (77°F) water bath and place 
between the two bearing plates in the 
testing machine. Care must be taken 
so that the load will be applied along 
the diameter of the specimen as 
illustrated in Table 2. Apply the load 
to the specimen by means of the 
constant rate of movement of the 
testing machine head of 50 mm (2 in.) 
per minute. 

NOTE 3-When reviewing a failure 
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stripped pavement, the temperature of 
specimens in Sections I I.I and / 1.2 of 
25°C (77°F) should be changed to 13°C 
(55°F). 

11.3 If steel loading strips are used, 
record the maximum compressive strength 
noted on the testing machine and continue 
loading until a vertical crack appears. 
Remove the specimen from the machine 
and pull apart at the crack. Inspect the 
interior surface for stripping and record the 
observations. 

D = specimen diameter, in. 
12.2 If steel loading strips are not 

used, calculate the tensile strength of a 
101.6 mm (4 in.) diameter specimen as 
follows: 

SI Units: 

-3..,rL. 
s, = 440001 

where: 

11.4 If steel loading strips are not used, 
stop loading as soon as the maximum 
compressive load is reached. Record the 
maximum compressive load. Remove the 
specimen, measure, and record the side P 
(edge) flattening to the nearest 0.1 mm (0.1 

s = I 

s,o = 
tensile strength, Pa 
maximum tensile stress 
corresponding to the width of 
flattened area from Table 2 
maximum load, newtons 
specimen thickness, mm 

in.) The flattening may be easier to 
measure if the flattened edge is rubbed with 
the lengthwise edge of a piece of chalk. 
After recording the flattening, replace the 
specimen in the compression machine and 
compress until a vertical crack appears. 
Remove the specimen from the machine 
and pull apart at the crack. Inspect the 
interior surface for stripping and record the 
observations. 

12. CALCULATIONS 

U.S. Customary Units 

-3..,rL. 
S, = J0000t 

where: 

s = I 

s,o = 

p 

tensile strength, psi 

12.1 If steel loading strips are used, I 
calculate the tensile strength as follows: 

maximum tensile stress 
corresponding to the width of 
flattened area from Table 2 
maximum load, pounds 
specimen thickness, inches. 

SI Units: 
2000P 

S,= rrtD 

where: 

S, = tensile strength, kPa 
P = maximum load, N 
t = specimen thickness, mm 
D = specimen diameter, mm 

U.S. Customary Units: 

_lL 
S,= rrt D 

where: 

S,= 
P= 
t = 

tensile strength, psi 
maximum load, lbs 
specimen thickness, in. 

12.3 Express the numerical index or 
resistance of asphalt mixtures to the 
detrimental effect of water as the ratio of 
the original strength that is retained after 
the freeze-warm water conditioning. 
Calculate as follows: 

Tensile Strength Ratio: 

where: 

S1= 

(TSR) = fu 
s, 

average tensile strength of dry 
subset 
average tensile strength of 
conditioned subset. 

13. Report 

13.1 Report the following 

13.1.1 

13.1.2 

13.1.3 

13.1.4 
13.1.5 

13.1.6 

information, 

Number of specimens in 
each subset, 
Average air voids of each 
subset, 
Tensile strength of each 
specimen in each subset, 
Tensile strength ratio, 
Results of visually-estimated 
moisture damage observed 
when the specimen fracture, 
and 
Results of observations of 
fractured or crushed 
aggregate. 
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1: Moisture Damage Laboratory Data Sheet 
(Non-Mandatory Information) 

Project Additiv."'c---------------------------.,...,,0.,.sa""g.,.c ___________ _ 

Compaction Method. _______________________ Effort. ____________ _ 

Date Tested By 

Sample l.D 

Diameter, mm (in.) D 

Thickness, mm (in.) t 

Dry mass in air, g A 

SSD mass, g B 

Mass in water, g C 

Volume (B-C), cc E 

Bulk Sp. Gr. (A/E) F 

Max Sp. Gr. G 

%Air Void (IOO(G-F)/G) H 

Volume Air void, HE/100, cc I 

Load, N (lbt) p 

Saturated min. @ kPa or mm Hg (in. Hg) 

SSD Mass, g B' 

Mass in water, g C' 

Volume (B'-C'), cc E' 

Bulk Sp. Gr. (A/E') F' 

Vol Abs. water (B'-B), cc J' 

% Saturation (I00J'/1) S' 

Load, N (lbt) P" 

Dry Strength, 2000 P/xtD (2P/xtD), kPa s,d 

Wet Strength, 2000 P"/xt"D (2P"/xt"D), kPa stm 

TSR 1 00S......./S., 

Visual Moisture Damage 

Crack/Break Aggregate 
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2: Maximum Tensile Stress (S 10) for a Base Index of a 44000 Newton (I 0000 lb.) Load, 
101.6 mm (4 in.) Diameter Specimen, 25.4 mm (lin.) In length. 

Width of 
Flattened Area, Maximum Tensile 

in Millimeters (inches) Stress, S10 kPa (psi) 

0.0 (0.0) 11307 (1640) 
2.5 (0.1) 11232 (1629) 
5.0 (0.2) 11163 (1619) 
7 .6 (0.3) 11073 (1606) 

10.2 (0.4) 10997 (1595) 
12.7 (0.5) 10832 (1571) 
15.2 (0.6) 10618 (1540) 
17.8 (0.7) 10397 (1508) 
20.3 (0.8) 10135 (1470) 
22.9 (0.9) 9915 (1438) 
25.4 (1.0) 9687 (1405 
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The Transportation Research Board is a unit of the National Research Council, which serves 
the National Academy of Sciences and the National Academy of Engineering. The Board’s 
mission is to promote innovation and progress in transportation by stimulating and conducting 
research, facilitating the dissemination of information, and encouraging the implementation of 
research results. The Board’s varied activities annually draw on approximately 4,000 engineers, 
scientists, and other transportation researchers and practitioners from the public and private 
sectors and academia, all of whom contribute their expertise in the public interest. The program 
is supported by state transportation departments, federal agencies including the component 
administrations of the U.S. Department of Transportation, and other organizations and 
individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance 
of science and technology and to their use for the general welfare. Upon the authority of the 
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to 
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of outstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the National 
Academy of Sciences the responsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior achievements of engineers. 
Dr. William A. Wulf is president of the National Academy of Engineering. 

The Institute of Medicine was established in 1970 by the National Academy of Sciences to 
secure the services of eminent members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts under the responsibility given to 
the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and 
education. Dr. Kenneth I. Shine is president of the Institute of Medicine. 

The National Research Council was organized by the National Academy of Sciences in 1916 
to associate the broad community of science and technology with the Academy’s purpose of 
furthering knowledge and advising the federal government. Functioning in accordance with 
general policies determined by the Academy, the Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineering in 
providing services to the government, the public, and the scientific and engineering 
communities. The Council is administered jointly by both the Academies and the Institute of 
Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman, 
respectively, of the National Research Council. 

Abbreviations used without definitions in TRB publications: 

AASHO American Association of State Highway Officials 
AASHTO American Association of State Highway and Transportation Officials 
ASCE American Society of Civil Engineers 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
FAA Federal Aviation Administration 
FHWA Federal Highway Administration 
FRA Federal Railroad Administration 
FTA Federal Transit Administration 
IEEE Institute of Electrical and Electronics Engineers 
ITE Institute of Transportation Engineers 
NCHRP National Cooperative Highway Research Program 
NCTRP National Cooperative Transit Research and Development Program 
NHTSA National Highway Traffic Safety Administration 
SAE Society of Automotive Engineers 
TCRP Transit Cooperative Research Program 
TRB Transportation Research Board 
U.S.DOT United States Department of Transportation 
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