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FOREWORD
By Staff

Transportation Research
Board

This report presents recommended changes to AASHTO Standard Method of Test
T283, “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-



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

2

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.



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). 
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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,



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,
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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 1. Test programs for M (18 samples).
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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).



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
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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)



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. 



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

(continued on next page)



TABLE 5 (Continued)
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TABLE 6 Tensile Strength Ratio for 18-Sample Test Sequence—Task 1
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TABLE 7 Tensile Strength Test Results—Task 2

(continued on next page)
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TABLE 7 (Continued)
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TABLE 8 Tensile Strength Test Results for Superpave Gyratory Compacted Samples—Complete Factorial—Task 3

(continued on next page)
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TABLE 8 (Continued)
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TABLE 9 Tensile Strength Test Results for Marshall Impact Compacted Samples—Task 3

(continued on next page)
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TABLE 9 (Continued)
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TABLE 10 Tensile Strength for Alabama, Colorado, Maryland, and Texas Superpave Gyratory and Marshall Impact Compacted Samples, Partial Factorial
Experiment—Task 4

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)



26TABLE 10 (Continued)

(continued on next page)



27

TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)

(continued on next page)
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TABLE 10 (Continued)
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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). 

CHAPTER 3 

INTERPRETATION, APPRAISAL, AND APPLICATIONS
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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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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

Figure 4. Comparison of tensile strength ratios with no freeze-thaw cycle.
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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-

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



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
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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



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.
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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.
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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.

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.
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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.
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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.
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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.
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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.
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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.
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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.



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.
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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.

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 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.
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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.
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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.
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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.
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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).
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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.



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).

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

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



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.
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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.

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.
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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.
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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.

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.
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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.



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%).

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%).
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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).
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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.

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.
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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.
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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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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.

CHAPTER 4
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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
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(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



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).
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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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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. 

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. 
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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



TABLE A-3 Superpave Aggregate Properties

Note: * Percent one and two faces.

TABLE A-4 Aggregate Properties

TABLE A-5 Aggregate Gradation
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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

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
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(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.

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
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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
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, DRY TENSILE STRENGTH,  NEVADA AGGREGATE
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, WET NO-FREEZE TENSILE STRENGTH, NEVADA AGGREGATE
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ANOVA ANALYSIS FOR COMPLETE FACTORIAL EXPERIMENT, WET FREEZE-THAW TENSILE STRENGTH, NEVADA AGGREGATE
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ANOVA ANALYSIS FOR PARTIAL FACTORIAL EXPERIMENT, DRY TENSILE STRENGTH, 
ALL AGGREGATE SOURCES
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ANOVA ANALYSIS FOR PARTIAL FACTORIAL EXPERIMENT, WET NO-FREEZE TENSILE STRENGTH, 
ALL AGGREGATE SOURCES
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ANOVA ANALYSIS FOR PARTIAL FACTORIAL EXPERIMENT, WET FREEZE-THAW TENSILE STRENGTH,
ALL AGGREGATE SOURCES
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APPENDIX C

PROPOSED AASHTO T283
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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

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

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.  
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