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Abstract

All laboratories conducting tests for the LTPP program were required to be accredited by the
AASHTO Accreditation Program (AAP). AAP includes site inspections of equipment and
procedures, and participation in applicable proficiency sample testing. A few critical LTPP
tests were not addressed fully by the AAP, and LTPP decided to conduct supplemental
testing. The asphalt concrete synthetic reference sample program and the asphalt concrete
core proficiency sample program were among the supplemental programs approved for
implementation.

In the first of these two programs, a set of four specimens was circulated to all participating
laboratories for testing in accordance with specified parameters. In the second program, two
sets of cores (five per set) were shipped to the laboratories. Twenty-four laboratories
participated in either one or both programs.

Worksheets, supporting data, analyses, final comments, and conclusions are presented. A
complete set of proficiency sample statements in AASHTO/ASTM format are provided.
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Summary

One element of Quality Assurance (QA) for laboratory testing that

was deemed to be of key importance to the long term pavement

performance (LTPP) research, as a result of Expert Task Group
(ETG) recommendations, is the American Association of State

Highway and Transportation Officials (AASHTO) accreditation

program (AAP) for laboratories. All laboratories providing

LTPP testing services were required to be accredited by AAP.

Most of the laboratory tests on LTPP field samples were addressed

by the AAP, which includes on site inspections of equipment and

procedures, and participation in applicable proficiency sample
series. However, a few critical tests in the SHRP LTPP studies,

such as the diametral resilient modulus test, were not fully

addressed. After extensive consultation and careful study, it

was determined that supplemental programs should be designed to
provide assurance of quality test data for these tests in a

manner similar to that provided by the AAP for other tests.

The Asphalt Concrete Synthetic Reference Sample Program and the

Asphalt Concrete Core Proficiency Sample Program were among the

supplemental programs approved for implementation.

The AC synthetic reference sample program was designed to verify
calibration and stability of diametral resilient modulus test

systems. The AC core proficiency sample program was designed to

provide within laboratory and among laboratories precision data

for tests performed in accordance with test protocol P07 for

determinin 9 the diametral resilient modulus of asphalt concrete

mixes. Further objectives _included the drafting of single

operator and multilaboratory precision statements in AASHTO/ASTM

format, the determination of testing proficiency status for SHRP

contract laboratories in accordance with the concepts used in
proficiency sample programs at the National Institute for

Standards and Technology (NIST), and preservation of information

concerning the proficiency of SHRP contract laboratories in the

LTPP data base for access by researchers using data generated
from tests on LTPP field samples.

The Asphalt Concrete Synthetic Reference Sample research was

designed, and synthetic specimens were obtained andprepared for

shipment to participants by the Chevron Research Laboratory in '
Richmond, California. The raw data from this research was

collected, collated, analyzed, and the results reported by
Nittany Engineers and Management Consultants, Inc. (NEMC), of

State College, Pennsylvania, in conjunction with the asphalt
concrete core research. Management and oversight of the research

was assigned to Steele Engineering, Inc.(SEI) of Tornado, West
Virginia by SHRP.



The Asphalt Concrete Core Proficiency Sample research was

performed under a SHRP contract by NENC. Contract oversight was

assigned to SEI by SHRP. Subsequent to completing the research

plan design, NENC obtained the cores required from the

Pennsylvania State University Test Track, prepared the cores for

shipment, and distributed them to participating laboratories.

Raw test data was collected, collated, analyzed, and a report

prepared by NENC documenting results of the research.

In the AC Synthetic Reference Sample Program, a set of four SHRP

reference specimens was rotated to all participating laboratories

for testing in accordance with certain specified parameters. The

initial reference specimen tests by each participant were blind,

that is, the participant did not know the reference values. In

subsequent testing by the same participant(which has universally

occurred with only one exception) the acceptable range of

reference values was revealed. The intent of this procedure

was to provide participants with an opportunity to verify the

calibration of their diametral resilient modulus testing system

by testing the set of four synthetic reference specimens using

standardized parameters. When response was not within the

anticipated range, recalibration of the system was indicated.

when response was within the anticipated range, authorization was

given to proceed with testing the AC core proficiency samples.

In the Asphalt Concrete Core Proficiency Sample Program, two sets

of core specimens (5 per set) were shipped to participating

laboratories. Instructions accompanied each core shipment

directing that cores were to be tested only after successful

verification of system calibration using the synthetic reference
set.

Twenty-four laboratories participated in either one or both
programs. All participants made significant contributions to the

success of the LTPP research effort. A list of participants is

in Part II of this report.

A copy of the initiating letters and worksheets for these
programs is also included in Part II.

The final combined unabridged comments and analyses for both the

AC Synthetic Reference Sample Program and the AC Core

Proficiency Sample Program are contained in Part III of this

report.

A complete set of proficiency sample _ statements in AASHTO/ASTN

format is contained in Appendix E of Part III.
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Participating Laboratories

College of Engineering and Applied Science

Office of Research, Development & Administration

Arizona State University

Tempe, AZ 85287-1903

The Asphalt Institute
Research Park Drive

PO Box 14052

Lexington, KY 40512-4052

Chevron Research Company
Richmond, CA

Department of Civil Engineering

238 Harbert Engineering Center

Auburn University, AL 36849533

Braun Intertech Engineering, Inc.

6801 Washington Ave South
PO Box 39108

Minneapolis, MN 55439

California Department of Transportation
5900 Folsom Boulevard, P O Box 19128

Sacramento, CA 95819

Federal Highway Adminstration
Central Direct Federal Division

PO Box 25246

Denver, CO 8022

State Materials & Research Engineer

Florida Department of Transportation
PO Box 1029

Gainesville, FL 32602

Office of Materials

Iowa Department of Transportation
826 Lincoln Way
Ames, IA 50010



Materials and Research Center

Kansas Department of Transportation
2300 Van Buren Street

Topeka, KA 66611^R

Kentucky Transportation Center

College of Engineering

University of Kentucky

Lexington, KY 40506-0043

Office of Materials and Research

Maryland State Highway Administration

2323 West Joppa Road

Brooklandville, MD 21022

Materials and Research Laboratory

Minnesota Department of Transportation
1400 Gervais Avenue

Maplewood, MN 55109

Department of Civil and Mineral Engineering
University of Minnesota

500 Pillsbury Drive, S.E.

Minneapolis, MN 55455

MTS Systems Corporation

14000 Technology Drive
Eden Prairie, MN 55344-2290

Nevada Department of Transportation
1263 South Stewart Street

Carson City, NV 89712

College of Engineering

Department of Civil Engineering

University of Nevada-Reno
Reno, NV 89557-0030

North Carolina State University
Civil Engineering Department

Box 7908

Raliegh, NC 27695-7908



Oregon Department of Transportation
State Highway Division

Highway Engineering LaboratorY
800 Airport Road SE

Salem, OR 97310

Transportation Research Institute

Oregon State University

201Apperson Hall
Corvallis, OR 97331

Sahuaro Petroleum and Asphalt Company
1935 West McDowell Road

PO Box 6536

Phoenix, AZ 85005

Geotechnical andMaterials Branch

Saskatchewan Highway and Transportation Department
1610 Park Street

Regina, Saskatchewan Canada S4P3V7

South Western Laboratories

222 Cavalcade Street

PO Box 8768

Houston, TX 77249

US Army Corps of Engineers

Waterways Experiment Station

3909 Halls Ferry Road

Vicksburg, MS 39180



December 20, 1989

^FI ^

^F2 ^

Dear ^F3^:

Subject: SHRP asphalt concrete core proficiency sample

program for resilient modulus (MR) testing.

First, I want to thank each of you for agreeing to participate in

this proficiency sample series. Further, in my opinion, this

series of experiments is absolutely critical to the highest and

best use of MR data gathered as part of the SHRP Long Term

Pavement Performance (LTPP) research. As a proficiency sample

cooperator, your organization will be participating in the

development of data required to determine the precision (and
certain components of variance) of SHRP protocol P07, the MR test

for asphalt concrete.

It has been determined that the first step toward assuring the

reliability of data obtained from test systems required by P07 is

calibration. Briefly P07 requires a closed loop electrohydraulic

testing machine with a function generator capable of applying

varying haversine load pulses, durations, levels, and rest

periods; from ASTM D4123-82 - a temperature control system as
described in section 5.2, a recorder as described in section

5.3.1, load measurements as described in section 5.3.3, and

loading strip as described in section 5.4; and-deformations

measured with flat head (3/8"xi/4") LVDTs wired to allow

independent readings with results summed independently.

SHRP has been provided with a Triaxial Institute calibration

proceedure that has been quite successful in reducing testing
system variability. A copy is attached for your information and

use. A set of synthetic reference specimens (as indicated in the

calibration proceedure) will be rotated through your laboratory

on a loan basis for use in verifying the calibration of your test
system. These specimens are to be tested after calibration of

the system as set forth in 5.6 of the attachment, and recorded on
the form included under the block titled TEST DATA ON CALIBRATED

EQUIPMENT.

Box 173 • Tornado, West Virginia 25202 • Tele. (304) 727-8719



page 2-SHRP proficiency sample program-continued

To minimize delays, the laboratory should call me at 304-727-

8719, or Robin High of TRDF in Austin, Texas at 1-800-234:-8733 to

determine whether the results are in the expected range. If so,

the data forms are to be returned to my address. If not, the

system should be recalibrated and the reference specimens tested

again. It is anticipated that each laboratory will-

°carefully unpack the reference specimens when received

°retain the reference specimens no more than 2 work days

°cross off your address before re-enclosing the shipping
list

°repack the reference specimens in the same or equivalent

packaging

°ship to the next laboratory on the list enclosed with the

shipment

When the above indicated calibration and verification is

completed, the laboratory may proceed with testing of the asphalt

concrete core proficiency samples that will be distributed, along

with forms and instructions, by David Anderson, Nittany Engineers

and Management Consultants, Inc., 763 Cornwall Road, State

College, PA 16803.

Please let me know if you have questions or comments.

Yours very truly

Garland W. Steele, P.E.

Steele Engineering, Inc.

art: I0 pages

cc: David Anderson

Robin High
Adrian Pelzner
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Nittany Engineers and ManagementConsultants, Inc.

736 Cornwall Road • State College, Pennsylvania 16803 • (814) 237-6500

__ I I II

David A. Anderson Ph.D., P.E.; President-Treasurer .

H. Randolph Thomas Ph.D., P.E.; Secretary

March 30, 1990

Mr. Garland Steele

Steele Engineering Inc.
Box 173

Tornado, WV 25202

Re: SHRP Asphalt Concrete Core Proficiency Sample Program for Modulus

(MR) Testing

Dear Mr. Steele:

I am enclosing an example of the letters that have been sent to the

various laboratories that are participating in the SHRP Asphalt Concrete Core

Proficiency Sample Program. The letters were sent to those listed on the
enclosed list.

The cores have been sent to each laboratory. They should be in the

hands of each laboratory during the week of April 2, 1990. As noted in the

letter, the data from the reference cores are to be sent to Nittany Engineers.

We will wait for your instructions before proceeding to analyze the data.

Sincerely, . •

vi . Anderson

President

DAA/rat

Attachments

Civil Engineering Consultants • Pavement Designand Evaluation • Transportation Studies
Materials Research and Development • Construction Management • Productivity and Operations Analysis



Nittany Engineers and Management Consultants, Inc.

736 Cornwall Road • State College, Pennsylvania 16803 • (814) 237-6500

,,, , _, _.. __ , ._

David A. Anderson Ph.D., P.E.; President-Treasurer
H. Randolph Thomas Ph.D., P.E.; Secretary

^D (March 23, 1990)

^FI ^

^F3 ^

Re: SHRP Asphalt Concrete Core Proficiency Sample Program

for Modulus (MR) Testing

Dear ^F4^:

Nittany Engineers and Management Consultants, Inc. has been

contracted by SHRP to provide cores and data analysis services

for the SHRP Asphalt Concrete Core Proficiency Sample Program.

Two sets of cores are being shipped to your laboratory for
resilient modulus testing. However, the synthetic reference

specimens and the calibration testing must be completed before

these cores are tested. SHRP is further requiring that the

reference core data from the laboratories be analyzed before the

testing of the cores is to start. Therefore, please do not

unpack the cores until you are instructed to do so by Mr. Garland

Steele of Steele Engineering. The cores are well protected in

their shipping package and should be stored unpacked at room

temperature until you are instructed to proceed.

The protocol for calibrating your equipment is specified in

an attachment that was included with a recent letter sent to you

by Mr. Garland Steele. This protocol was developed by the

Triaxial Institute and should be followed by your laboratory.
Load cells, proving rings, or other transducers used in the

calibration should be traceable to the Bureau of Standards (now

the National Institute for Standards and Technology, NIST). The

calibration should be performed just prior to the testing of
either the reference specimens.

The forms included with this letter must be used to record

the data from the reference specimens or the cores. Please xerox

the forms as needed and fill them out as indicated, using a new

cover sheet (Worksheet i) each time that the reference specimens
or cores are tested. The actual test data are to be recorded on
Worksheet 2.

Civil Engineering Consultants • Pavement Design and Evaluation , Transportation Studies
Materials Research and Development • ConstructionManagement • Productivityand Operations Analysis



^F4 ^ -2- ^D

Two sets of specimens (5 specimens per set) are being sent

to you from Nittany Engineers and Management Consultants, Inc.

via UPS. The specimens are identified by the letter "0" or "N"

followed by a two digit specimen number. Each set of cores is to

be tested twice, on separate days, preferably a week apart. The

order of testing should be assigned randomly and a different

random order assigned on different days. These cores have not

been trafficked and, consequently, there is no traffic direction

marked on the cores. There are, however two diametral lines,

labeled A or B, marked on each core. Each time a core is tested,

randomly choose direction A or B for the first set of readings--

do not systematically test one direction first.

The protocol for testing the reference specimens was sent to

you previously. The protocol for testing the cores (P07) is

included with this letter and must be followed when you test the

cores. Once again, be certain to complete both worksheets each
time the cores are tested. The worksheets are to be returned by

regular US mail to Nittany Engineers at the following address:

Dr. David A. Anderson

736 Cornwall Road

State College, PA 16803

Telephone: (814) 237-6500

The tensilestrength for the two sets of pavement cores that are

being shipped to you have been determined (77°F) as follows:

Cores identified with "N", 223 ib/in 2

Cores identified with "O", 61 ib/in 2

Most likely you have already tested the reference specimens. If

this is the case please complete the forms and return them to the

address cited above. If you have not tested the reference

0o specimens then please do so promptly when they are received and

return the data forms so that the analysis of the data may be

completed, thereby allowing the testing of the cores to proceed.

Sincerely yours,

David A. Anderson

President

DAA/rat

Attachments

cc: G. Steele
A. Pelzner
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Nittany Engineers and Management Consultants, Inc.

736 CornwallRoad • State College,Pennsylvania16803 - (814) 237-6500 -"

David A. Anderson Ph.D., P.E.; President-Treasurer '

H. Randolph Thomas Ph.D., P.E.; Secretary

May 26, 1990

J
/

Re: SHRP Asphalt Concrete Core Proficiency Sample Program for Modulus (MR)
Testing

Dear

The data forms that were sent to you previously did not have space to
record both the instantaneous and recoverable vertical deformation. The
enclosed forms have been revised to accommodate both instantaneous and
vertical deformation and, in addition, include several minor editorial
revisions.

Please complete the attached forms and forward to my address as soon as
possible.

At this point only one of the participating laboratories has returned
the forms. It is important that they be returned as soon as possible so that
the data can be analyzed as per SHRP's request. Your early cooperation will
be appreciated.

Sincerely yours,

David A. Anderson
President

DAA/rla

Attachments

cc: G. Steele
A. Pelzner

Civil Engineering Consultants • Pavement Design and Evaluation • Transportation Studies

Materials Research and Development • . Construction Management • Productivity and_Operat.!ons Analysis



WORKSHEETNO. 1
SPECIMENAND TEST DESCRIPTION

SHRP ASPHALTCONCRETECORE PROFICIENCYSAMPLE PROGRAM

1. Specimen set identification code(') #_.._J-7

2. Specimen number_ t .

3. Direction of load_

4. Test replication_4

5. Specimen thickness, in (to 0.01 in)

1. 2. 3. 4. . Avg.

6. Specimen diameter, in (to 0.01 in)

1. 2. Avg.

7. Date of testing Day Month Year

8. Comments_

9. Written comments:

NOTES:

(1_Enter a letter according to the following:
L for lucite reference specimen
P for polypropylene reference specimen
R for neophene rubber reference specimen
F for teflon reference specimen
N for the set of cores marked with the letter N
O for the set of cores marked with the letter O

Enter the one or two digit specimen number on the core
Enter diametral direction, A or B as marked on cores, in which the load is applied

_4 Enter "1" or "2" according to whether the cores are being tested for the first or
. second time

Use comment code as per SHRPStandard comment code(s) as shown on Page
E3 of the SHRP Laboratory Testing Guide and on page P07-8 of SHRP

' Protocol P07.
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WORI<SHEETNO. 2 Page 1of
TEST E)ATA

SHRP ASPHALT CONCRETE CORE PROFICIENCY SAMPLE PROGRAM

1. Specimen set identification code __

2. Specimen number

3. Direction of load

4. Test replication

5. Test temperature, °F (as measured) .

6. Preconditioning: Load Ib Number of Cycles

7. Date of testing Day Month Year

8. Recovery period, 0.9 seconds (report deformation in 0.001 in)

Instantaneous Deformation Total Deformation
Load Vertical ........................................................... -........................
Cycle Load, Ib Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

"'

I

9. Recovery period, 1.9 seconds (report deformation in 0.001 in)

Instantaneous Deformation Total Deformation
Load Vertical .................................................................................
Cycle Load, Ib Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

5

(continued on back)



WORKSHEET NO. 2 Page 2 of 2
TEST DATA

SHRP ASPHALT CONCRETECORE PROFICIENCYSAMPLE PROGRAM

1. Specimen set identification code

.. 2. Specimen number

3. Direction of load

4. Test replication N

5. Test temperature, °F (as measured)

10. Recovery period, 2.9 seconds (Report deformation in 0.001 in)

Instantaneous Deformation Total Deformation
Load Vertical --.............................. ,.................................................
Cycle Load, Ib Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

5

I I II I |

Submitted by Checked and approved by

Date: Date:

,. Affiliation: Affiliation:



Nittany Engineers and Management Consultants, Inc.

736 Cornwall Road ° State College, Pennsylvania 16803 ° (814) 237-6500

David A. Anderson Ph.D., P.E.; President-Treasurer

H. Randolph Thomas Ph.D., P.E.; Secretary

^D (June 20, 1990)

^F1 ^
^ F3 ^

Re: SHRP Asphalt Concrete Core Proficiency Sample Program for Modulus
(M_) Testing

Dear "" F4 ^ :

Apparently there is some confusion regarding the sequence of events regarding
the test program. Please note the following:

• Step 1. Reference specimens are sent to each laboratory for testing.

• Step 2. Data from reference specimens are sent by the individual
participating laboratories to Nittany Engineers for statistical analysis. The
purpose of the analysis is to be certain that the individual laboratories are
producing reliable data.

• Step 3. After the data from the reference cores have been analyzed and
the results reported to Garland Steele, official approval to proceed with the
testing of the hot-mix cores will be sent by Garland Steele to the
participating laboratories.

• Step 4. When the testing of the hot-mix cores is completed the
participating laboratories are to send the test data to Nittany. Engineers for
statistical analysis.

Civil Engineering Consultants • Pavement Design and Evaluation • Transportation Studies
Materials Research and Development • Construction Management • Productivity and Operations Analysis
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In spite of the fact that a number of laboratories have completed the testing of
the reference specimens, to date only one laboratory has submitted their data to Nittany
Engineers. Until data on the reference specimens is available from a representative
number of laboratories it will be impossible to ascertain the reliability of the test
procedures in the individual laboratories.

It is imperative that you send the data from the reference specimens to Nittany
Engineers as soon as possible so that the testing of the hot-mix cores may proceed in a
timely manner.

Please note that the names of the participating laboratories will remain
anonymous. However, if you would like to know how your results compared to those of
others, you may request a copy of the data analysis report from Garland Steele.

Your early attention to the above will be appreciated. Please complete the
attached form and return to Nittany Engineers in the envelope provided.

Sincerely yours,

David A. Anderson
President

DAA/rat

Attachments

cc: G. Steele
A. Pelzner
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Nittany Engineers and Management Consultants, inc.

736 Cornwall Road - State College, Pennsylvania 16803 • (814) 237-6500

IlK

David A. Anderson Ph.D., P.E.; President-Treasurer

H. Randolph Thomas Ph.D., P.E.; Secretary ! -
January 31, 199,0"

Dear

There have been several recent modifications to the P-007 resilient modulus testing
protocol. These have been passed from SHRP to Mr. Garland Steele. He has asked me
to transmit them to you. These changes are summarized on the attached sheet. Please
make these changes on you existing P-007 protocol document. All testing conducted as part
of the SHRP core proficiency program should adhere to these changes.

I have included a revised version of WORKSHEET 2. This revised worksheet

consolidates all of the numbers on one page, simplifying the paper handling exercise. Please
note that the worksheet requests that the deformation information be entered in units of
0.001-in. While this is not a critical requirement, it makes it much easier ff you conform to
this request so that we have uniformity as we enter the data into the database. In
retrospect, perhaps we should have used microinches to avoid the use of decimals, but
having started with units of 0.001-in, let us continue with those units.

I would like to once again bring your attention to two previous letters that were sent
to you regarding the testing protocol and treatment and handling of the specimens. These
letters are dated March 23, 1990 and June 20, 1990, and are enclosed for your review. If
there are any further questions, I may be reached by fax at 814-237-6500 or leave a voice
message at the same phone number. I may also be reached at 814-863-1912 during the day.

Thank you for your patience and cooperation in conforming to the many requests.
It is imperative that these details be adhered to if we are to successfully analyze the data.

Sincerely,

David A. Anderson
' President

cc: Steele; Pelzner
Civil Engineering Consultants • Pavement Design and Evaluation • Transportation Studies

Materials Research and Development • Construction Management • Productivity and Operations Analysis



ATTACHMENT

There have been some changes in P-007 that are relevant to the testing of the SHRP
Proficiency cores. The changes are as follows:

1. Section 7.3.1

Change 35% to 30%
Change 20% to 15%

The value at the high test temperature remains unchanged.

2. Section 7.3.2

The seating load should be 10% of the above values, i.e. at:

40°F, 10% of 30% = 3% of tensile strength
77°F, 10% of 15% = 1.5% of tensile strength
104°F, 10% of 5% = 0.5% of tensile strength

3. Section 8.2

Values of Poisson's ratio should be changed as follows:

40°F, 0.20
77°F, 0.35
104°F, 0.50

4. Section 7.4

The total accumulated vertical permanent deformation resulting from all previous
conditioning and loading cycles shall not exceed the following values:

40°F, 0.025 in
77°F, 0.050 in
104°F, 0.050 in

If these values are to be exceeded with the loads suggested in Section 7.3.1, the loads
should be reduced to the minimum possible values that allow the 0.0001-in resolution
of the deformation readings as per Note 6.

5. Note 6

The values in Note 6 should be changed to be consistent with the values cited above.



WORKSHEET NO. 2 31.1 1
TEST DATA

SHRP ASPHALT CONCRETE CORE PROFICIENCY SAMPLE PROGRAM

Specimen set identification code m 6. Preconditioning: Load lb

Specimen number Number of Cycles
Direction of load

Test replication __ 7. Date of testing:
Test temperature, F (as measured) Day__ Month__ Year

Recovery period, 0.9 seconds (Report deformation in 0.001 in)

Instantaneous Deformation Total Deformation

Load Vertical

Cycle Load, lb Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

5

Recovery period, 1.9 seconds (.Report deformation in 0.001 in)

Instantaneous Deformation Total Deformation

Load Vertical

Cycle Load, lb Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

5

Recovery period, 2.9 seconds (Report deformation in 0.001 in)

Instantaneous Deformation Total Deformation

Load Vertical

Cycle Load, lb Vertical Horiz 1 Horiz 2 Vertical Horiz 1 Horiz 2

1

2

3

4

5
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INTRODUCTION

The purpose of this study was to determine the among and within laboratory

variability of the resilient modulus test for asphalticconcrete as specified by the Strategic

Highway Research Program (SHRP) for use in the Long-Term Pavement Performance

(LTPP) program. The SHRP test method, SHRP Protocol P07 dated September 1990, is

based on the method proposed by the American Society for Testing and Materials (ASTM),

Method of Test D 4123. A number of refinements that more clearly define the details of the

test have been made in the SHRP version of the resilient modulus test. The reader is

referred to the individual test methods to obtain more specific details of the test methods and

to compare the two test methods. The SHRP P007 test method, dated September 1990 and

as used for this study, is included for informational purposes in Appendix A.

This report describes the experiment program and the analysis of the data that was

performed in order to establish the among and within laboratory variability in the SHRP

resilient modulus test. Laboratories were first prequalified using synthetic test specimens.

After being prequalified with the synthetic specimensthose laboratories with acceptable

levels of variability were allowed to proceed with the testing of two sets of field cores in

order to establish values for among laboratory and among specimen variability.



TESTING PROGRAM

The testing program contained in this study was originally designed to prequalify l_he

laboratories that would be conducting resilient modulus testing for the LTPP ]program.

Initially, cores were to be obtained from two sites and five cores from each site (total of ten

cores) were to be submitted to each of the participating laboratories for testing. In order to

generate a statistically valid experiment, a number of laboratories, in addition to the LTPP

laboratories, were added to the program. This brought the number of participating

laboratories in the original experiment to thirteen.

Materials

Four synthetic "reference" specimens were used in an initial screening experiment to

determine the performance of the laboratories. These specimens were coded as follows:

• Neoprene" rubber: R

• Teflon': T

• Polyethylene: P

• Polymethylmethacrylate (Lucil_e'): L

The synthetic reference specimens were machined to size, 2.50 in thick by 4.00 in. in

diameter, from larger-sized stock. A single sample was used for each material such that

each laboratory tested the same sample l/_erebyeliminating any specimen to specimen

variability that could result with multiple synthetic specimens.

The field cores were obtained by coring 4-in diameter cores from a local site that had

not received any traffic. The first set of cores, identified by the code N, were from a one

year old wearing course. The mix was well-compactedwith approximately 6% air voids.
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The second set of cores was from an area that had been paved with a base course mix. This

mix was in-place for six years before it was cored. The in-place air voids for the mix was

approximately 8%. These cores were identified by the code O. Both the N and the O cores

were obtained as close together as possible in what appeared to be a homogeneous section of

pavement. Each core was trimmed by sawing the bottom face of the core to give a thickness

of 2.50 + 0.1 in. Visual inspection showed that the cores from each section were similar in

appearance, suggesting that the within-set material variability of the two sets of cores should

be relatively small.

The two sets of cores were expected to give different results. The mix for the new

set was of cores relatively fine (3/8-in. top size), the binder was relatively unaged, and there

were few irregularities on the surface of the cores. This set of cores should have been the

easiest to test and should have produced the smallest testing variability. The old set, on the

other hand, was aged and consisted of a much coarser mix (1 1/4-in. top size), producing

cores with greater surface irregularities. The old cores should have been more difficult to

test, resulting in greater variability in the test results. A summary of the testing program

indicating the number of participating laboratories is given in Figure 1.

Test Procedure

The resilient modulus test is performed by loading a cylindrical sample on its

diametrai plane as illustrated in Figure 2. The thickness of-the test specimen is specified as

approximately half of the diameter. As specified in the SHRP and ASTM resilient modulus

test, the test sample is loaded with a pulse loading along a diametral plane with a pulse load

of 0.1 s duration. The SHRP test protocol specifies a recovery period of 0.9, 1.9, or 2.9 s.

The ASTM protocol specifies the loading sequence in a somewhat different manner.

A typical plot of the horizontal deflection versus time (ASTM D 4123) is shown in

Figure 3. Historically, the resilient modulus test has been used to measure the "recoverable"

deformation which has been interpreted as the elastic deformation. This recoverable, elastic,

3
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or instantaneous deformation is defined by the SHRP and ASTM protocols as shown in

Figure 2. It is also possible to define the total deformation as illustrated in Figure 3. For the

purposes of this study, only the recoverable deformation as defined in Figure 3 was used.

Measurements obtained during the test program also included the vertical deformation.

Some researchers have used the vertical deformation to calculate Poission's ratio. However,

Poission's ratio calculated using the vertical and horizontal deformation obtained from the

resilient modulus test procedure as defined by SHRP and ASTM can lead to erroneous values.

Therefore, the vertical deformation and calculated values of Poission's ratio were not included

in this study.

The equation for calculating the resilient modulus is:

(P)(_ + 0.27)
M,-- t(Ah,+ 1

where:

MR = resilient modulus, lb/in _ (psi)

P = load, pounds

tt = Poission's ratio, dimensionless

t = thickness, inches

Ah_, All2 = change in diameter for gauge one and gauge two, respectively

Because Poission's ratio cannot be reliably calculated in the resilient modulus test it is

necessary to use an assumed value in the calculation of the resilient modulus. As specified in

the SHRP Resilient Modulus Protocol P07, the following values were used for Poission's

ratio:
"1

at 40 °F, # = 0.20

at 77 °F, # = 0.35

at 104 °F, # = 0.50
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Equation 1 contains provisions for Aht and Ahabecause the SHRP test method specifies two

transducers, one on each face of the specimen. Other resilient modulus devices, such as the

Retsina device automatically sum the deflection on the two faces of the specimen by virtue of

the configuration of the measurement muasducer.

The SHRP P-007 protocol specifies a closed-loopelectro-hydraulic testing machine.

The LTPP SHRP laboratorieswere required to use the closed-loop electro-hydraulic testing

equipment. However, many of the other participants did not have this equipment available

and pneumatic-loading devices were used. Typically, these devices use a Bellofram-r_q,e

loading device. With these devices it is not possible to control the shape of the loading pulse

and the resulting loadingpulse has the appearance of a rounded square wave. In contrast,

the SHRP P-007 protocol specifies a haversine-shaped loading pulse which is possible wi_ha

closed-loop electro-hydraulic testing mac.hine.

Some of the key features of the SHRP P-007 protocol that differentiate it from the

ASTM protocol include:

• A top-loading, closed-loop, electro-hydraulic testing machine with a function

generator capable of applying a haversine-shaped load pulse is required.

• Two LVTD's are required fiar the measurement of the horizontal deformation and

the two LVDT's must be wired so that each LVDT can be read and recorded

independently.

• The indirect tensile strength of the test specimens must be first determined at 77

+__2.0 °F and the required load for the resilient modulus is then based upon a

percentage of the indirect tensile strength.

• Very specific details are giw_.nwith respect to the alignment of the test specimen.

This is in recognitionof the difficulty in obtaining proper specimen alignrnem.



• Seating loads at 40, 77 and 104 °F respectively are specified as 3.0, 1.5, and 0.5

percent of the indirect tensile strength value measured at 77 + 2.0"F.

• The specimens are preconditioned prior to testing using a specific procedure. A

minimum of 30 load pulses are required before the data used to calculate the

resilient modulus are recorded. A minimum of I0 successive horizontal

deformation readings must agree within 10%.

• If adequate deformations (greater than 0.0001 in.) cannot be recorded using the

loads calculated as a percentage of the tensile strength, then the loads can be

increased. However, if the total cumulative vertical deformations are greater

than 0.001 in. and the use of smaller load levels does not yield adequate

deformations for measurement purposes, the preconditioning is discontinued and

10 load pulses are used for calculating the resilient modulus.

Testing Plan

As a precursor to the testing of the field cores, four synthetic "reference" specimens

were sent to each laboratory' to be certain that their equipment was working properly and that

the data were properly reduced. The plan was to first ship the four synthetic specimensto

each laboratory and to ship the field cores only after acceptable results were obtained with

the synthetic specimens. This proved to be a very judicious exercise because a number of

problems related to equipment calibration, test technique, and data reduction were uncovered.

Several of the laboratories were required to re-test the synthetic specimens several times in

order to obtain acceptable results, either in terms of obtaining acceptable accuracy or

precision. In several cases extensive equipment modifications were required in order to

obtain the required precision and accuracy. Only when each laboratory achieved acceptable

results with the synthetic specimens were they allowed to proceed to the field cores. A-I

number of laboratories also participated by testing only the synthetic specimens. These

laboratories were included as a courtesy so that they could evaluate their test methodsand

procedures. The data from these laboratories are also presented in this report.
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Both the synthetic specimens and the field cores were measured in replicate in two

directions. The first of the replicate measurements was obtained by mounting the individual

specimens in the testing machine and conducting the test procedure as specified in SHRP .._,.q0 -_
protocol P-007. Each specimen was then removed and the second of the replicate

measurements was obtained by remounting the specimen in the testing device and repeating

the P-007 test protocol. The laboratories were requested to make the replicate measurements

on separate days. Each measurement consisted of the preconditioning step followed lay

measurements taken on five successive loading pulses. The load and the horizontal

deformations were used to calculate five values of resilient modulus, one for each of the five

loading pulses. The specimen was then rotated 90 degrees and the test repeated.

Each field core was tested on separate days providing a replicate measurement for

each core. On each day, the individual cores were tested in two directions, at th/rgc_j_est

temperatures using three recovery periods. An analysis of the data showed that 'thei/r,were no

statistical differences between the two directions and the measurements from the two

directions were pooled. This provided a resilient modulus, I_1Rbased on the average of five

consecutive loading and two directions. Thus, the values of IVlR reported in this study
,,....r.

represen_ti_ the average of the resilient moduli calculated from 10 measurements; 5 pulse

loadings, and 2 directions.

10



EXPERIMENT DESIGN

This experiment was designed initially to evaluate the laboratories that were under

contract to provide resilient modulus testing of asphalt cores for the LTPP program. Based

on the results of this proficiency testing program, the laboratories were to be allowed to

proceed with future SHRP LTPP resilient modulus testing activities. To make the

experiment statistically valid, a number of non-SHRP laboratories were added to the

experiment, bringing the number of initially planned laboratories to 13.

The SHRP laboratories participating in this experiment were not selectedat random

from any larger group of laboratories. Thus estimatesof precision, coefficients of variation,

etc., may not be regarded as applying to all laboratories at which resilient modulus testing is

being done. However, the measures of variability that were calculated from the data are

meaningful and do tell in a concise manner the accuracy and precision that may be expected

to result from the work at these laboratories.

The first objective of the study was to screen the laboratories using the synthetic

specimens in order to identifylaboratorieswith acceptableperformance. A totalof 24

laboratorieswere involved in the screening processand 17 produced acceptableresults.

Field cores were subsequentlysent to 15 of these laboratories for testing. After each

laboratory conducted the testingwith the syntheticspecimens, their data were analyzedand

they were appraisedof their performance. Someof the laboratories found it necessaryto

modify their operations in order to improvetheir performance. The modificationsincluded

refinementsin the data reduction, modificationsto the testing frameand the LVDT's and

their mounting systems, stiffeningof the testingframe,and refinements in the data

' acquisition process. Six of the laboratories were unable to obtain acceptable performance

with the synthetic specimens. To this extent, the data reported for the synthetic specimens

and the field cores are not representative of the state of the art but are representative only of

those laboratories that were able to obtain a specified level of performance with the synthetic
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specimens. Thus, the statements in this report regarding the among laboratory and amount

testing variability are not represe/ntativeof the current state of the art. If the laboratories

were truly selected at random _e_among the general population of laboratories with resilient
L/ /

modulus equipment the among specimen variability would undoubtedly be considerably in

excess of that reported in this study.

The second objective of this study was to establish the among and within laboratory

variability of the selected laboratories. This was accomplished by testing the two sets of

field cores. The analyses required to satisfy this objective are given in the next section of

this report: detailed analyses are given finthe Appendices. The models used for the _aaalyses

are described in subsequent sections of this report. The design of the experiment is given in

the next section.

ExperimentDesign

This study was conducted in two stages. In the first stage four synthetic specimensof

known materials neoprene rubber (R), teflon iT), polyethylene (P) and

polymethylmethracrylate (L), were tested at each laboratory. A single synthetic reference

sample machined from each material was circulated to each of the laboratories. Each of

these specimens was tested in two directions and this was repeated at a later time in an

independent manner by remounting the sample in the testing device. These tests were

carried out with recovery periods of 0.9, 1.9 and 2.9 seconds. All testing of synthetic

specimens was at a temperature of 77"F. For those laboratories that were to proceed to _he

testing of field cores, this first stage of the experiment served as a screen to prevent the

testing of the asphalt cores in the next stage by a laboratory which would otherwise give

unacceptable results. A number of additional laboratories asked to be included in the testing

program and were also sent the synthetic reference specimens and their test results were

included in the analyses. All laboratories were advised of their performance in the testing of

the synthetic specimens. Those scheduled to continue with the testing of the field cores were

allowed to test the asphalt cores only after acceptable performance was obtained with the

synthetic specimens. Because several of the original 13 laboratories could not attain
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acceptable performance levels they were eliminated from the program and replaced by other

laboratories.

Stage two of the experimentation was much more extensive. Each laboratory received

five new and five old asphalt cores as described above. Each laboratory was instructed to

test each of their two sets of five cores in two orthogonal directions at temperatures of 40, 77

and 104°F, with recovery periods of 0.9, 1.9, and 2.9 seconds. This entire arrangement was

then to be repeated in an independent manner at a later time. It will be observed from the

analysis of the resulting experimental data that the specimens were indeed quite

homogeneous. The resilient modulus values for old and the new set of cores were quite

different, as expected, and thus in the analysis the old and new cores were treated as a

separate experiment. It was further found that the was no statistical difference between the

two directions (neither the synthetic specimens or the cores had received any prior directional

loading in the form of traffic) and the data from the two directions were pooled to calculate

the average specimen resilient modulus, I_R.

13



TEST RESULTS

Resul{sfortheSynfl_eficSpeclmem

The average resilient moduli values obtained by the 19 laboratories that participated in

the testing of the synthetic cores are shown in Figures 4 through 7. A summary of the

results of an Analysis of Variance for this experiment is given in Table 1. The statistical

analyses from which these results were taken are given in Appendix B.

Results for the Old and New AsphaltCores

Each field core was tested on separate days providing a replicate measurement for

each core. On each day, the individual cores were tested in two directions, at three test

temperatures using three recovery periods. An analysis of the data showed that their were no

statistical differences between the two directions and the measurements from the two

directions were pooled. This provided a resilient modulus, l_lt based on the average of five

consecutive loading and two directions. Thus, the values of l_lt reported in this study

representative the average of the resilien_Imoduli calculated from 10 measurements; 5 pulse

loadings, and 2 directions.

The average resilient moduli values obtained by the 15 laboratories that participated in

the testing of the field cores are shown Figures 8 through 13. These are for the recovery

period of 0.9 seconds; the plots for 1.9 ;rod 2.9 seconds are similar. Fifteen laboratories

qualified for the testing of the field cores. However, complete data are not reported for each

laboratory. A number of the laboratories were unable to test the old cores at 104°F as a

result of equipment limitations. In several instances a sufficiently small load could not be •

applied to the test specimen and in other cases the testing equipment did not have sufficient

resolution for the deflection measurement. Problems were also encountered by a numl_r of

laboratories at the low test temperature. Typically, the laboratories that did not report test

14



Table 1. Estimated standard deviationsand coefficients of variation
for synthetic specimens.

Source Specimen L Specimen P Specimen R Specimen T

Sigma CV, Sigma CV Sigma CV Sigma CV
(psi) (%) (psi) (%) (psi) (%) (psi) (%)

Among 51,843 9 28,642 12 1,360 21 17,579 12
Laboratories

Error 53,2s0 9 48,376 21 537 8 7,964 6

Mean (psi) 561,746 231,929 6,473 144,809
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Average Resilient Modulus
Neoprene Rubber (R)
Note: Values given in 1,000 psi
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Figure 4. Average resilient modulus values for Neoprene" synthetic specimens.
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Average Resilient Modulus
._ Teflon (T)

Note: Values given in 1,000 psi
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Figure 5. Average resilient modulus values for Teflon TM synthetic specimens.
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Average Resilient Modulus
Polyethylene(P)

Note: Values;given in 1,000 psi
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Figure 6. Average resilient modulus values for polyethylene synthetic specimens.
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Average Resilient Modulus
Polymethylmethaclylate (L)

" Note: Values given in 1,000 psi
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Figure 7. Average resilient modulus values for Lucite synthetic specimens.
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Average Resilient Modulus
New Cores (Temperature = 41°F)
Note: Values given in 1,000 psi
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Figure 8. Average resilient moduli values: new cores at 41"1=.
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Average Resilient Modulus
Old Cores (Temperature = 41°F)
Note: Values given in 1,000 psi
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Figure 9. Average resilient moduli values: old cores at 41*F.
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Average Resilient Modulus
New Cores _._mperature = 77°F)
Note: Values,given in 1,000 psi
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Figure 10. Average resilient moduli values: new cores at 77°F.
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Average Resilient Modulus
Old Cores (Temperature = 77°F)
Note: Values given in 1,000 psi
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Figure 11. Average resilient modulivalues: old cores at 77°F.
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Average Resilient Modulus
New Cores ('fi_mperature = 104°F)

Note: Values given in 1,000 psi -
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Figure 12. Average resilient moduli values: new cores at 104*F.
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Average Resilient Modulus
Old Cores (Temperature = 104°F)
Note: Values given in 1,000 psi
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Figure 13. Average resilient moduli values: old cores at 104*F.

25



measurements at the low test temperatu_recould not generate sufficient load to satisfythe

resolution requirements of the deflection measurements. In other words, their equipment did

not have sufficient capacity for the moduli of the cores. Thus, the data reporte_ for the 15

laboratories is incomplete for a number of the laboratories.

The pooled standard deviation of these measured values for the new asphalt cores at a

given laboratory should provide a reasonable indication of the repeatability of the resilient

modulus as measured at a given laboratory for new cores. The same is true for the ,aid

cores. (No pooling of new and old would be advised given the difference in the Mk values.)

The calculated standard deviations are the result of the combined variations in the cores and

the measuring process. These components of variance are evaluated correctly for the group

of laboratories by the Analysis of Variance as given in Appendix C. These standard

deviations of the estimated resilient modulus at the laboratories are plotted in Figures 13

through 18. From these graphs it is clear that laboratory D, and sometimes laboratories E

and G, have unacceptable performance in this regard.

The important features of the overall performance of the laboratories may be

summarized as in Tables 2 and 3. These tables are developed from the information as given

in the Nested Analysis of Variance in Appendix C. The information in these tables provides

the basis for all statements regarding the precision and accuracy of these laboratories in the

estimation of the resilient modulus of the asphalt cores.

Observations from Test Results

Some pertinent observations can be drawn from the test results obtained with She

synthetic specimens and the field cores.

• The among laboratory variability associated with testing the synthetic spe_:imens

was much less than that associated with the field cores. This suggests that the

synthetic specimens are easie.rto test and produce more repeatable results,

strengthening the recommendation that the synthetic cores be used by a laboratory
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Standard Deviation by Laboratory
New Cores (Temperature = 41 F)
Note: Values given in 1,000 psi
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Figure 14. Within laboratory standard deviation: new cores at 41*F.
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Standard Deviiation by Laboratory
Old Cores (Temperature = 41°F)
Note: Values given in 1,000 psi
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Figure 15. Within laboratory standard deviation: old cores at 41*F.
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Standard Deviation by Laboratory
New Cores (Temperature 77°F)
Note: Values given in 1,000 psi
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Figure 16. Within laboratory standard deviation: new cores at ??oF.
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Standard Deviation by Laboratory
Old Cores (Temperature = 77 F)
Note: Values given in 1,000 psi
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Figure 17. Within laboratory standard deviation: old cores at 77°F.
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Standard Deviation by Laboratory
New Cores (Temperature= 104°F)

Note: Values given in 1,000 psi
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Figure 18. Within laboratory standarddeviation: new cores at 104°F.
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Standard Deviation by Laboratory
Old Cores (Temperature = 104°F)
Note" Values given in 1,000 psi
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Figure 19. Within laboratory standard deviation: old cores at 104°F.
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Table 2. Estimated standard deviations and coefficients of variation

for new asphalt cores.

Temperature, *F

41 77 104

Sigma CV Sigma CV Sigma CV
(psi) (%) (psi) (%) (psi) (%)

Recovery Period: 0.9 s

Among 612,000 35 293,000 27 294,000 53
Laboratories

Among Specimens 16s,000 10 132,000 12 lOO,OOO 18

Error 149,000 9 234,000 22 112,000 20

Mean (psi) 1,727,000 1,085,000 552,000

Recovery Period: 1.9 s

Among 626,ooo 36 298,000 28 270,000 52
Laboratories

Among Specimens 64,ooo 10 160,000 15 106,000 21

Error 119,000 7 199,000 19 98,000 19

Mean (psi) 1,721,000 1,060,000 515,000

Recovery Period: 2.9 s

Among 593,000 34 336,000 32 287,000 52
Laboratories

Among 21o,ooo 12 143,000 13 95,1)00 17

Specimens

•' Error 317,000 18 192,000 18 87,000 16

Mean (psi) 1,755,ooo 1,062,000 551,000
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Table 3. Estimated standard deviations and coefficients of variation
for old asphalt cores.

Temperature, OF

41 77 104

Sigma CV Sigma CV Sigma CV
(psi) (%) (psi) (%) (psi) (%)

Recovery Period: 0.9 s

Among 336,000 43 140,000 58 72,000 111
Laboratories

I

Among Specimens Negative* Not 22,000 9 8,000 12
Applicable

Error 197,000 25 33,000 14 11,000 17

Mean (psi) 773 000 240,000 64,000

Recovery Period: 1.9 s

Among 338,000 44 127,000 56 91,000 121
Laboratories

Among Specimens 12,000 2 13,000 6 7,000 9

Error 201,000 26 35,00o 15 15,000 2o

Mean (psi) 763,000 228,000 75,000

Recovery Pedod: 2.9 s

Among 349,000 50 135,000 58 138,000 137
Laboratories

Among Specimens 24,000 3 18,000 8 24,000 24

Error 155,000 22 15,000 7 26,000 26

Mean (psi) 697,000 235,000 101,000

* Indicates specimens were very similar in resilient modulus.
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strengthening the recommendation that the synthetic cores be used by a laboratory

to verify their procedure, data analysis, and equipment or to compare results with

other laboratories.

• There is no consistent pattern in regard to the effect of recovery period on the

resilient modulus and the results do not favor any one of the recovery periods

with respect to producing less variability.

• The old and new field cores were rather homogeneous with a small component of

variance for (SPECIMENS). This is an important observation: while each

laboratory had a different set of cores, the observed differences in laboratory

means can not be explained by differences in the cores. Of course each

laboratory received a random selection of cores and this outcome should be

expected.

• The LABORATORY component of variance for the field cores is quite large.

Improvements in the test method and better techniques for calibrating the test

equipment for this test may be required if measurements made at different

laboratories are to be useful.

The magnitude of the LABORATORY component of variance is of particular

concern when the laboratories upon which the component of variance was based "

were all prequalified with the synthetic specimens.

• Continued use of synthetic reference specimens is probably warranted and should

be included as part of the test procedure.
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STATISTICAL ANALYSES

Statistical analyses were conductJ:dusing the synthetic specimens and the field cores.

The old and the new field cores were c_3nsideredas two separate experiments given tdhe

differences in their resilient moduli values. The purpose of the statistical analyses was to

establish the data required to generate t]heASTM measures of precision.

Sf_sfical Model for the Synthetic SpeehnenExperin_nt

The estimated resilient modulus, lVl_,for a synthetic specimen may be modeled as

w

MR(i,j) = /.t + LABORATORY(i) + ERROR(j)

where it is assumed that

# = the true but unknown mean for the specimens of this type

LABORATORY(i) = a normal random variable with mean of zero and standard
deviation of SIGMA(LAB)

ERROR(i,j) = a normal random variable with mean of zero and standard
deviation of SIGMA(ERROR).

The SIGMA(LAB) and SIGMA(ERROR) terms are of the greatest interest in this analysis.

Since the same specimens were sent to each laboratory there is no SPECIMEN contribution

to the variance in this setting. Thus the appropriate statistical analysis is simply a one-way

(LABORATORY) components of variance analysis. This analysis was done for the ,eachof

the 4 specimens in separate analyses using the GLM procedure and the results are given in

Appendix B. These analyses also provided the information given in Table 2.
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The S_t;sfical Model for h_e Asphalt Core Experiment

In this experiment the model for the estimated resilient modulus, 1_1Rfor an asphalt

core (old or new) may be modeled as

l_R(ij,k) = p + LABORATORY(i) + SPECIMEN(ij) + ERROR(i,j,k)

where it is assumed that

p = true but unknown mean for the core

LABORATORY(i) = normal random variable with mean of zero
standard deviation of SIGMA(LAB)

SPECIMEN(i,j) = normal random variable with mean of zero
standard deviation of SIGMA(SPECIMEN)

ERROR(i,j,k) = normal random variable with mean of zero and standard
deviation of SIGMA(ERROR).

It is assumed that the terms LABORATORY, SPECIMEN and ERROR, are the sources in

the variation observed in the estimates of the resilient modulus and the purpose of the

analysis is to separate isolate the contribution from each of these sources.

This experiment is a nested design and the appropriate analysis may be done with

NESTED statistical analysis procedure. The results from a nested analysis of variance for

the old and new cores are contained in Appendix C. These analyses also provided the

information given in Tables 2 and 3.

ASTM Measures of Precision

Two concepts of precision that are described in ASTM documents are the

' repeatability and the reproducibility measures. The repeatability measure will indicate the

within laboratory precision and is simply the pooled within laboratory error standard
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deviation, SIGMA(ERROR) as given in Table 2 and Table 3. The ASTM notat:ion for the

within laboratory standard deviation is DIS and

DIS = SIGMA(E_LROR)

D1S or SIGMA(ERROR) is a measure of within laboratory repeatability will be referred to

as the within laboratory single operator standard deviation. Two identical specimens

measured in the same laboratory should have a difference that is within +2.8 DIS about

95% of the time. From Tables 2 or 3 the appropriate error margin would simply be 2.8

times the SIGMA(ERROR).

The reproducibility measure includes within laboratory variability as well as among

laboratory variability; it indicates the degree to which a test result at one laboratory :mayvary

if done at another laboratory. Accordingly, the reproducibility standard deviation is given by

{[SIGMACLAB)]2 + [SIGMA(ERROR)]2)} °5

which is the square root of the sum of squares of the laboratory and error standard

deviations. This will be referred to as the multi-laboratory standard deviation and is referred

to as D2S.

Two identical specimens measured in twodifferent laboratories should have a

difference that is within 5:2.8 D2S about 95% of the time. The value of the multi-laboratory

standard deviation can be calculated from the entries in Table 2 or 3. The results for both

within laboratory and between laboratory precision statements are presented for several cases

of interest in the following section.
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Examples of Precision Statementsfrom the SHRPAsphaltConcreteCore ProficiencySample

Program

Consider the above definitions for the settingin which we are measuring new cores at

410F with a recovery period of 0.9 seconds. From Table 2 the SIGMA(ERROR)is 149,000

psi; this is D1S or the withinlaboratory single operator standarddeviation. Therefore, the

resultsof two properly conductedresilient modulustests conductedin the same laboratory by

the same operatoron a core sampleof this type should not differ by more than 421,000 psi

from each other. This maybe comparedwith the meanvalue or 1,727,00 psi for the new

cores at 410F. The numbers149,00 and 421,00 represent the DIS and D2S limits as

indicatedin AASHTO R4, section 2.1.1 (ASTMC 670). In a similar manner the within

laboratory precision statementsfor the other temperatures, new or old cores, may be

obtained with the aid of Tables2 and 3.

Again consider the setting in which we have new cores to be tested at 41°F and

between laboratory precision statements are to be calculated. The appropriate standard

deviation in this case will be

[149,0002+ 612,000r]°'_

where the 149,000 is the within laboratory standard deviation or the ERROR(SIGMA)and

the 612,000 is the LABORATORY(SIGMA) as given in Table 2. Thus the multi-laboratory

standard deviation for this setting is 629,000 psi. When this is multiplied by 2.8 it follows

that the results of properly conducted resilient modulus tests from two different laboratories

on asphalt concrete core samples of this type should not differ by more than 1,779,000 psi.

These numbers, 629,000 and 1,779,000 psi, represent the IS and D2S limits as indicated in

AASHTO R4, section 2.1.1 (ASTM C 670).

Since the measurementfor a single core should not be expected to provide a precise

' value for a pavement section, it is more informative to ask how many cores will need to be

extracted, measured and averaged in order to obtain a required precision. The information in
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Tables 2 and 3 will provide the means far calculatingan answer. For example, if 5 cores

are extracted and each is measured independently at 4ff'F and recovery period of 0.9 :ec

using four independent samples, the within laboratory standard deviation of the average will

be

The above examples serve to illustrate the manner in which the results of this :;tudy

may be applied. Further presentation of the data in terms of precision and accuracy

statements are is given in Appendix E. To further illustrate the among and within laboratory

variability it may be helpful to consider the 0.95 probability limits which can be calculated

from the data in Table 2 and the data presented in Appendix E. Two limits which are:

usually calculated from the data are:

• Single operatorlimitswhich representthe difference between two independent

measurements on the same core by a singleoperator at a given laboratory with a

probability of 0.95.

• Multiple laboratorylimits which represent the difference between two

measurements at two different laboratorieson the same core with a probabilityof

0.95.

These two limits are given in Table 4 for the three test temperatures for the old and new set

of cores (recovery period 0.9 seconds). Two additional sets of 0.95 probability limits are:

• Single operatorlimits for a single measurementon a given core tested by a given

operator at a given laboratory.
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Table 4. Single operator and within laboratory limits: 0.95 level.

Single Operator Multiple Laboratory
Average 0.95 Probability 0.95 Probability
Resilient Limits (psi) Limits (psi)

Core Temp Modulus
Set (*F) (psi)

Difference

in Two Range in
Range in Measurements Measurements

Two on Same Core on Same Core
Difference in Measurements at Different at Different
Two Means on Given Core Laboratories Laboratories

New 41 1,727,000 -1-421,000 1,435,000 -1-1,782,000 492,000
to to

2,019,000 2,962,000

77 1,085,000 -1-662,000 626,000 -1-1,061,000 352,000
to to

1,544,000 1,818,000

104 552,000 :1:317,000 332,000 +890,000 0
to to

772,000 1,169,000

Old 41 773,000 +557,000 387,000 +1,102,000 11,000
to to

1,159,000 1,535,000

77 240,000 -t-93,000 175,000 +407,000 0
tO to

305,000 522,000

104 64,000 +31,000 42,000 +206,000 0
, to to

86,000 207,000
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• Multiple laboratory limits for a single measurement on a given core tested ;ata

laboratory chosen at random.

.t

The first of these probability limits simply accounts for the within laboratory variation and is

calculated as the mean + 1.96 ERROR(SIGMA). A single measurement at this laborator2.¢

will be within these limits 95 percent of the time. The second of these probability limits

accounts for the among laboratory variation in addition to the within laboratory variation. If

a given core is sent to a laboratory selex:tedat random from the laboratories in this study the

0.95 probability limits for this single mt_asurementwill include the resulting test value:95

percent of the time. These limits illustrate the uncertainty in the resilient modulus as in

accordance with the testing capabilities of the laboratories included in this study.

The within laboratory limits are perhaps manageable and are as can be expected for

this type of test. However, the limits for the between laboratory case are clearly

unacceptable and modifications to the test procedure will be necessary for this test method to

be a useful engineering measurement. With this variability the test results cannot

differentiate between pavements or mixtures with different performance characteristic;.

Taking more cores does not reduce the _unonglaboratory component of variance and

therefore does not provide benefit in reducing the among laboratory variability.
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SUMMARY

The objectives for this study were been attained. A total of 25 laboratories

participated to some extent in the testing of the synthetic specimens and each laboratory was

appraised of their performance. Suggestions regarding improvements in technique were

provided where appropriate. All participating laboratories benefitted from this evaluation.

The statistical analyses of the variation observed in the estimates of the resilient

modulus has brought out several important facts. There was a large laboratory component in

the observed data for the asphalt cores. Improvements are needed in the test procedure if

meaningful test results are to be obtained for field cores. Some means for the

standardization and calibration of equipment and procedures must be devised if measurements

at different laboratories are to be useful. As a minimum the use of synthetic reference

specimens must be continued.

In this experiment the SPECIMEN component for both new and old cores appear to

be quite reasonable. In practice, especially for old cores there may be considerably more

variation from core to core. Thus the SPECIMEN component of variance as estimated in

this experiment is likely low compared to what might be expected when characterizing many

field projects.

The data for this experiment were obtained over a period of about 2 years. As noted

in the report there is little basis for regarding these participating laboratories as a random

sample from some larger group. Furthermore, several of the participating laboratories may

have modified their testing procedures during the time of this experiment. On the other hand

the field cores were tested only at laboratories that were prequalified on the basis of their

results with the synthetic specimens. For these reasons, the results from this experiment

should be regarded as providing a good picture of the accuracy and precision of the resilient

modulus testing as done by these selected laboratories during the time of the experiment.
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With this understanding it is surely true that this experiment and its analysis do provide _Ln

excellent picture of the amount and sources of variability that would be expected to have

occurred in the resilient modulus testing that was being carded out in this time. It would

also be fair to consider these results as some sort of baseline from which to make

comparisons as better methods are developed and evaluated.
.¢

The following conclusions are valid based on the set of data collected as part of this

study:

• The resilient modulus test is difficult to perform and requires considerable

attention to detail in order to obtain sufficiently repeatable results.

• Rest periods of 0.9, 1.9, and :2.9 seconds produce essentially the same variability.

• The use of synthetic samples to verify the procedure among laboratories is

warranted and should be included in the test method.

• Based on the data obtained from the pre-qualified laboratories that tested the two

sets of field cores, the among laboratory variability raises serious doubts as to the

value of this test method for judging or predicting the performance of asph_dtic

pavements or mixtures.

• Improvements in the test method must be made in order for this test method to be

an acceptable method for characterizing asphalt concrete mixtures.

• Increasing the number of cores tested will not significantly reduce the variability

in the test method.
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APPENDIX A.

SHRP PROTOCOL P-007

RESILIENT MODULUS FOR ASPHALTIC CONCRETE



Sept_-mber1990

SEPR I_.OTOCOL: P07

For S_ Test Designat_on: AC07
rESILIENT MO_DULUS FOR ASPHALTIC CONCRETE

This SHRP Protocol describes procedures for determination of the re:lilient

modulus of asphaltic concrete (bituminous concrete) using repeated load indirect

tensile testing techniques. This test shall be performed in accordance wi_h ASTM
D4123-82 (1987) - "Indirect Tension Test for Resillenc Modulus of Bib,_inous

Mixtures", as modified herein. Those sections of the ASTM Standard included in

this protocol 5y reference and without modifications shall be followed as written
in the Standard. All other sections of this p_otocol shall be followed as herein
written.

Resilient modulus testin_l shall be conducted afte_r; (I) approval 5,ythe SHRP

Regional Englneer to begin AC resilient modulus testln 8 (laboratory must pass

(a) the synthetic specimen AC resilient modulus sample proficiency testing

program and (b) the AC core specimen resilient modulus sample proficiency _estlng

program), (2) approval of For_aL04 by the SHRP RCOC, (3) visual examination and

thickness of asphaltic concrete (AC) cores and thickness determination of layers
within the AC cores uslng Protocol POI, and (4) final layer assignmen_ based on

the POI test results (corrected Form LO_, if needed). Resilient modulu_ _esting

shall be conducted on asphalt ,-oncrelespecimens that are greater than 1.5 inches

in thickness. A test specimen shall consist of only one material or 'Layerwith
a thickness greater than 1.5 inches. The desired _hlckness for t:esting is

approximately 2 inches. Xf t/_ethickness of e particular AC layer to 5, tested
is greater than the desired testing thickness of 2 inches, then the 2 inch

specimen to be used for testing shall be obcalned from _m -,Iddleu£ t|J_AC layuL

by sawlng the specimen. If a core from an AC layer is between I.5 end 2 inches

and has relatively smooth and uniform front and back faces then no sawing is

required and the specimen for this laye_ may be tested as is.

Prior to performlng the resilient modulus test, the indirect _ensile

strength shall be measured on one test specimen from the same layer and near the
same location as the core s_pec_men(s) to be tested for resilient: modulus.

Normally, cores obtained from sample locations C7 and C19 are used for the

indirect tensile sirength tesl:. The indirect tensile strength test is performed
to assist in selectln 8 a stress (or applied load) level for subsequen_ resilient

modulus testlng. The test shall be performed in accordance with Attachment A
of this protocol.

Test Core Locations and_Assignment of SHRP Laboratory Test Numbers

Eight AC core locations have been designated for the P07 test:on every

pavement section included In GPS-I, GPS-2, CPS-6, and GPS-7 (asphaltic concrete

over _ranular base, asphaltic concrete over bound base, AC overlay over asphaltic
concrete, end AC overlay over JPC, _espectively, which has a layer thickness

, _reater ¢/_an 1.5 inches). No:cmally, only the cores desi_nated _y the $_ RCOC
for P07 testing shall be used.

(a) Be_tnnin_ of the _ue.¢_iO_u/Stat_ons0-):

:!_ The designated locations for &-inch diameter cores are: C7 (fo:_indirect
:_ tensile strength test using Attachment A of Protocol POT); and C8 (for

resillen_ modulus test t_ing Protocol P07). The test results determined

1>07-1/Revised
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for each test specimen from the specified core locations shall be assi_ed
SHRP Laboratory Test Number "In. Cores obtained from sample locaclons C9
and C10 shall be used as backup test specimens for the resilient modulus
testing.

The dest_ated locations for 4-inch diameter cores are: C19 (for indirect
tensile scrensch test using Attachment A of Protocol P07); and C20 (for
resilient modulus test using Protocol POT). The test results determined

for each test spectmeu from the specified core locations shall be assigned
SHRP Laboratory Test Number "2". Cores obtained from sample locations C21
and C22 shall be used as backup test specimens for the resilient modulus
testing.

If any of the test specimens obtained from the specified core locations are
damaged or untestable, ocher cores (C9 or CIO in place of C8 foe the
beginning of the test section and C21 or C22 in place of C20 for the end
of the test section) should be used. However. i.t_s inappropriate to

substitute test sDeclmens from one end of the CPS Sectlo_ for test.specimens
at_the_o/her_end. Use comment code 30 on data sheets T07A and T07B if the

desisnated specimens do not meet minimum specimen standards such that a

replacement specimen from another location (such as C9 or CI0 for the

beglnnln 5 of _e test section and C21 or C22 for the end of the test
section) was used.

The following definitions are used throushouc this protocol:

(a) Layer: That part of the pavement produced with similar material and
placed with slmilar equipment and techniques. The material

within a particular layer is assumed to be homogeneous. The
layer _hickness can be equal to or less than the core thickness

or lensth.

(b) Core: An intact cylindrical specimen of the pavement materials that

is removed from the pavement by drilling at the desiEnated
location. A core can consist of, or include, one, _o or more
different layers.

(c) Test Specimen: That part of the layer which is used for, or in, the

specified test. The thickness of the test specimen can be equal
to or less than the layer thickness.

I. SCOPE

1.1 As described in Section l.l of ASTM D4123-82 (1987),

NOTE 1 - Delete Note 1 from Scope
w

2. APPLICABLE DOCUMENTS

2.1 ASTM Documents: As listed in ASTM D4123-82 (1987).

2.2 SHRP Protocols

PO1 Visual Examination and Thickness of Asphaltic Concrete Cores.

POT- 2/Revised
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3. SUMMAEY OF KETHOD

3.1 As described in Section 3.1 of ASTM D4123-82 (1987).

3.2 As described in Section 3.2 of ASTH D4123-82 (1987).

3.3 For each resilient modulus test, the following general procedures will
be followed:

(a) Indirect tensile strenseh is determined on a test specimen at 77

2"F (normally specimens obtained from C7 and C19) uslnlg the

procedure described in Attachment A to Protocol P07. The value
of indirect tensile strength determined by thls procedure is used

to estimate the indirect tensile stress and compressive load to

be applied to d_e test specimens during the resilient modulus
determinations.

(b) The test speclmen(s) (normally speclmensobtaiuedfrom CSand C20)
are to be tested each along a slnsle dlametral axis and at three

separate testing temperat_ures, 41, 77 and I04"F plus or mlnus two

degrees fahrenheit (15, 25, and 40"C plus or minus one degree C).
For each test temperature, repetitive haverslne load pulses of

O.l-second duration with a rest period of 0.9 second are appl_ed
to the indivldu_ test specimens to produce an indirect t_nsile

stress on the specimen (a predeflned percsntase of the indirect

tensile stren$_t as determined in 3.3 (a) above).

(c) After completion of resilient modulus testing at 10_'F, the test

specLmen shall be returned to 77°F and an indirect tensile

stren$_h test shall be performed In accordance with Attachmen_
A of this protocol. This test is performed to detez_ine the
indirect tensile strength of the specific speclmenused for the
resilient modulus testing.

4. SIGNIFICANCE ANDUSE

4.1 As stated in Section 4.1 of ASTM D4123-82 (1987).

5. APPARATUS

5.1 Testing Machine - The testÂng machine shall be a top Ioadln_, closed
loop, electrohydraulic testing machine with a function generator
capable of applyingehaversine sl_aped load pulse over a range of load
durations, load levels, and rest period.

NOTE 2 - Delete Note 2 from Section 5.1 of ASTM D4123-82 (ig87).

' 5,2 Temperature Control System * As described in Section 5.2 of ASTM
D4123-82.

5.3 Measurement and Recordlng System - The measurln$ and recordln$ system

shall include sensors for measuring and recording horizontal and
_ vertical deformations. The system shall be capable of recordin_
!_ horizontal deformatlorm in the range of 0.00001 inch (0.00025 ---)o£

deformation. Loads shall be eccurately calibrated prior to testing.
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5.3,1 Recorder - As described in Sectlor_ 5.3.1 of ASTM D4123-82

(1987).

5.3.2 Deformatlon Measurement - The values of vertical and horizontal
deformation shall be measured withllnear variable differential

transducers (LVDT's). LVDT's used to measure horizontal
deformatlonsshould be located at mld-helght opposite each other

on the speclmenshorlzontal diameter. The sensltlvlCyof_hese
measurement devices shall be selected to provide the deformation
readout required in 5.3. A positivecontact between the LVDTes

and specimen shall always be maintained during the test proced-
ure. This can be assured by using spring loaded LVDT's and
attaching a flat head (3/8" x 1/4") as a contact point. This
flat LVDT head is required to prevent movement varlationsduring

the test (round or bevelled LVDT heads can be affected by the

roughness oft he core surface during testing). In addition, the
two LVDT's shall be wired so that each transducer can be read

independently and the results s----ed during the test program.

NOTE 3 - Delete the last two sentences of Note 3 of ASTM

D4123-82 (1987).

5.3.3 Load Measurement - As required in Section 5.3.3 of ASTMD4123-82

(1987).

5.4 Loading Strip - As required in Section 5.4 of A$TM D4123-82 (1987).

6. TEST SPECIMENS

6.1 Laboratory-Molded Specimens - Delete Section 6.1 of ASTM D4123-82
(1987).

6.2 Core Specimens - As described in Section 6.2 of ASTMD4123-$2 (1987).

6.3 The test specimens designated for Mr testing shall be selected and

prepared for resilient modulus testin E. The test speclmen(s) shall

represent one AC layer at each end of the GPS section. If the field
core includes two or more different AC layers, layers shall be

separated at the layer interface by sawing the field core wlth a
diamond saw in the laboratory. The traffic direction symbol shall be

marked on each layer below _he surface layer. Any testable layers
identified in the P01 test (From T01B) shall be separated. Thin layers
shall be removed from other testable layers. Any combination of thln

layers which do not meet the testable layer criterion shall not be
separated from each other by sawlns.

6.4 Diametral Axis - Mark one dlametral axis on both the front and back

' faces of each specimen to be tested. An appropriate, centering t_/pe
marklng device shall be used to ensure that the dlametralmarklngs on
the front and back faces oft he test specimen lie in the same vertical

plane. The axis shall be parallel to the t-_affic direction symbol
(arrow) or =T= marked during the field coring operations.

6.5 The _Ickness (t) of each test specimen shall be measured to the

nearest 0.I inch (2.5 mm) prior to testln_. The thickness shall be
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determined by averaging four measurements equally spaced around the
test specimen. A te_st specimen shall consist of s single ]pavement
material or layer greater than 1.5 inches in thickness, The desired

thickness for testing is approximately 2 inches. If the thickness of
a particular AC layer to be tested is one-half inch or more greater
than the desired testing thickness of 2 inches, then the 2 inch

specimen to be used for testlng shall be obtained from the middle of

the AC layer by sawing the specimen. If a core-from an AC layer Is
between 1.5 and 2 inches and has relatively smooch fEont and baLckfaces

then no sawin 8 is required and the specimen for this layer: may be
tested as is.

6.6 The diameter (D) of lJach test specimen shall be determined prior to

testing using a caliper to the nearest 0.01 inch (0.25 ram)by averaging
two diameters at the l_id-heisht of the test specimen. Measure (i) the

diameter of the axis parallel to the direction of traffic and (2) the

diameter of the axis perpendicular (90 degrees) to the axis measured

in (I) above. These two measurements shall be averaged to determine
the diameter of the test specimen.

6.7 If the average diameter of the core is outside the range of 3.85 to

4.15 inches; the core shall not be tested. A replacement core shall
be selected for the resilient modulus test.

7. PROCEDURE

7.1 General

(a) Determine the indirect tensile strength of the desisnated test
specimens at 77"+ 2*F (normally specimens obtained from sample
locations C7 and C19) using the procedure described in A1:tachment
A to Protocol I_D7.

(b) The test speclmen(s) deslgnated for resilient modulu_ t_stlng

(normally specimens obtained from C8 and C20) shall b,t brought
to the first test temperature (41+_2"F) as specified in Section
7.1 of ASTM D4123-82 (1987).

(c) The procedure described in Section 7.1 of ASTM D4123-$2 (1987)
shall be completed to bring the test specimens to the remaining

desired test temperat_tres (77+2"F, I04_+2"F). ,.

7.2 Ali_nnen_and Specimen Seatln_

At each temperature, the test specimen shall be placed in the loading
apparatus and positioned so that the dtametral markings are centered
top to bottom within the loading strips on both the front and back face

of the specimen along the axle parallel to the direction of traffic,
' This is a critical ali_ment and should be conducted with great care.

An alignment method which has been successfully used with core_ is to
place the test |peci_en within the curved portion of the bottom loadlns

strip with the specimen cradled between the rinsers of the left and
:_ right hands. The marked diametral axis (axis parallel to the direction
.il of traffic) should then be located so that the dlametral llne
:'_ intersects the center of the curved portion of the bottom 1oa_ng

strip. To correctly seat the specimen in the bottom loadln6 atrlp, the
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specimen can be moved within the curved portion of the load_nE strip

by applying sllght pressure from nhe fingertips on both sides of the
bottom curved pdrtlon of the core. The diametral marking can then be
used to insure that the specimen is alisned from top to bottom, front

to back. The allg_ment of the front face of the specimen can be
checked by Insurlng that the diametral marklng is centered on the top

and botto_ loading strips. Withthe use of a mirror, the back face can

be similarly aligned. The axis to be tested (Section 6.4) is to be the

axis parallel to _e direction of traffic (l.e. the load is beLug
applied along the axis parallel to traffic). The electronic measurlr_

system shall be adjusted and balanced as necessary. Prior to testln_
and after the horizontal deformation device is mounted on the test

specimen, adjustments are required in the relative position of the
transducers in order to approach a "null" or a near zero voltage

position (a similar "mull" position shall be produced for the LVDT's

used to measure the vertlcal deformations durin 8 testing). I/nan

starting from nhe "null" position, the "travel" of the transducer shaft
should he sufficient to require no further adjustment in the transducer

position for the duration of a test.

The line of contact between the specimen and each loading strlp is

critical for Proper test results. The specimen shall be free of any
projections or depressions higher or deeper than 0.I inch (2.50 ram).

Spec_nens having projections or depressions 8rester than 0.I inch

should not normally be tested. However, if no suitable replacement
specimen is available that meets _he 0.I inch criteria, that test shall

be conducted on _he desi_a_ed specimen. Code 39 has been p_ovlded to
document this situation.

7.3 Precondlt_onlng

Precondltlonln 8 and testing shall be conducted while the specimen is

located in a temperat_tre-control cabinet meatlng the requirements of
Section 5.2 of ASTM D4123-82 (1987).

7.3.1 Selection of the applied loads for precondltio-nlng and testing

at the three test temperatures is based on the indirect tensile

strength, determined as specified in Section 7.1(a) of this

protocol and Attachment A to Protocol POT. Select tensile
stress levels of 30, 15, and 5 percent of the tensile strensth ,

measured at 77"F (25"C), for use in conductlng the resilient
modulus determinations at the _est temperatures of _I _+2, 77

+ 2 and 104 _+2"F (15, 25 and 40°C +_1C), respectively. Kinlmum

specimen seating loads of 3, 1.5 and .5 percent of the 77"F

tensile strength value shall he maintained during resilient

testln E for test temperatures, respectively, of &l±2, 77+_2and
I04+2"F (15, 25 and 40±I'C).

s

' 7.3.2 The sequence of resilient modulus testlng shall consist o£
initial testing at AI'F, followed by intermediate testing at
77"F and final testing at 104"F. The test specimens shall be
brousht to the specified temperature prior to each test (i.e.
initial, intermediate and final), in accordance with Section
7.1 of ASTM D_123-82 (1987). The test: specimen shall be

preconditioned along r/_eaxis prior to testlng by applyin_ a
repeated haversine- shaped load pulse of O. 1- second duration with
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a rest period of 0.9 second, until a minimum of ten (10)
successive hozizontal deformation readings agree within l0
percent. The number of load applications to be applied will
depend upon the test temperature. The expected ranges in mm_er
of load applications for preconditioning are 50-150 for 41#.2"F,
50-100 for 77+_2"Fand 20-50 for I04+2"F. The minimum n_ber of

load applications for a given situation must be such thai:the
resilient defo].-mationsare stable (see note 5 of ASTM ]_123-82

(1987).

NOTE 6 - Loads as low as 10 lbf and load repetitions as f,_w as
5 (for loads between 5 and 25 lbf) have been used. If

adequate deformations (greater than .0001 l_:hes)

cannot be recorded using 5 to 30% of the tensile

strer_th measured at 77"F (25"C), then the loads can
be increased in load increments of 5 (i.e. i0, 15, 20,

25%). If load levels different from 5, 15 and 30% of

the tensile strength measured at 77"F (25"C) are used,
these should be noted on the data sheet.

Delete Note 7 of ASTM D4123-82 (1987).

7.4 Both the horizontal and vertical deformations shall be monitored during

preconditioning of the test specimen. If total cumulative 'vertical

deformations greater than 0.001 inch (0.025 Bin) occur, reduce the
applied load to the minimum value possible and still retain an adequate
deformation for measurement purposes (See Note 6). If use of smaller

load levels does not: yield adequate deformations for measurement
purposes, discontinue preconditionirq_ and generate 10 load pulses for
resilient modulus determination, and so indicate on the test report.

7.5 Testlng

After preeo_dlLlo_ll_lg a _peulmut, aL a _peul£1u L_L tump_z'_ure, Lhe
resilient modulus test shall be conducted as specified below.

7.5.1 Apply a minimum of 30 load pulses (each 0.l-second load pulse
has a rest ]period of 0.9 seconds) and record measured
deformations ag specified in Section 7.6 of chls protocol. The

application of load pulses shall continue beyond 30 until the

range in deformation values of five (5) successive horizontal
deformation values (i.e. from lowest to highest values) is less
than 10% of the average of the five (5) deformation values.

7.5.2 After the specimen has been tested at a specific temperature,

bring the specimen to the next higher temperature in accordance
wlCh Section 7.1 of ASTM D4123-82 (1987) and repeat steps 7.3.1

through 7.5.1 of this protocol.
s

7.5.3 After testlng is completed at 10A°F, the specimen :shallbe

brought to a temperature of 77+2"F and an indirect tensile
strength test conducted on the test specimen es specified in
Attachment A.

!!i 7.6 Measure and record the recoverable horizontal and vertical deformatlorm
over the last 5 loadin_ cycles (see Fi_re 2 of ASTM D4123-82) after
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the repeated resilient deformations have become stable (step 7.57. One

loadln 5 cycle consists of one load pulse and a subsequent 0.9 second
rest period. The resilient modulus will be calculated individually for

v each of the last five load cycles and an average resilient modulus
obtained.

8. CALCULATIONS

8.1 As described in Section 8.I of ASTM D4123-82 (1987).

8.2 In calculating the resilient moduli using the equations identified in

8.1, Poisson's Ratio shall be assumed. A value of 0.35 is to be used
for bituminous mixtures at 77"F (25"C). Values of 0.20 and 0.50 are

to be used for 41" and 104"F (5, 40"C), respectively.

9. REPORT

9.1 The following general information is to be recorded on Form TOTA:

9. i.I Sample Identification shall include: Laboratory Identification
Coda, State Code, SHRP Section ID, Layer N_n_er, Field Set

Number, Sample Location Number, and SHEP Sample Number.

9.i. 2 Test identification, shall include : SHRP Test DesIEnatlon , SHRP
Protocol Number, SHEP Laboratory Test Number and Test Date.

9. I.3 Report thefollow_nEspecific information for each test specimen
on Form TOTA.

(a) Record a "yes" to indicate whether the layer to be tested
was sawed (so as to obtain the desired thickness for

testing, i.e. approximately 2 inches) or a "no" if sawing
was not required.

(b) Average thickness of the test specimen, (t), to _e nearest
0.I inch (per Section 6.5 of _his protocol).

(c) Average diameter of the test specimen (D), to nearest 0.01
inch (per Section 6.6 of this protocol).

(d) Test temperature, to the nearest eF.

(e) Indirect tensile strength, to the nearest psi, (Previously

reported on Form TOTS). This is the £ndlrect tensile test
result that was used to assist in selectin s a stress (or

applied load) level for resilient modulus testing.

(f) Seating load used at each temperature, to the nearest ib£.
#

(g) Resilient load used at each temperature, to the nearest Ibf.

(h) Polsson's ratio assumed for each test temperature (0.20 at

40+_2"F, 0.35 at 77+_2"Fand 0.50 at 10&±2"F)

(1) The rest period, sets.
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(J) Average lrmtantaneous and total resilient moduli at each
test temperature (as calculated in accordance with Section
8.1 of ASTH D4123-82 (1987)).

4

Comments shall include $I_ standard comment code(s) as shown on Page E3

of _e SHEP Laboratory Testing Guide and any other note, as needed. Additional

codes for special comments associated with Protocol P07 are given below.

Code Comment

25 The specimen was skewed (either end of the specimen departed

from perpendic:ulari_y to the axis by more than 0.5 degrees or

1/8 inch :[n12 inches), as observed by placing G.hespecie.eu on
a level surface and measuring the departuze from

perpendicularity.

27 The tests were not performed in a temperature-controlled cabinet
and the resilient modulus decermlnations were not completed

within four mJ.nutes as required in Section 7,5 of AS_M D4123-

82 (1987) (use: the accompanying note ("7(b) NOTE") portion of
Form T07A to ,document the actual length of time used for the
resilient modulus determinations).

28 The test was not performed in a temperature control cabinet.
But the resilient modulus determinations were completed within

4 mlnutes as required.

29 A "dummy" sperlmen was used to monitor the temperature of the

test specimen during _ testing.

30 The designated specimen did not meeC minimum specimen standards
and was noC tested. A replacement specimen from another

location was used for the Mr testing.

31 Tests for all three temperatures could not be performed because

the specimen was damaged and/or excessively deformed during

testln s.

39 The proJecttons/depressious on the test surface were higher or
deeper than O. 1 inch. The specimen was tested because there was
no other replaLcement specimen (use the accompanying note (=7(b)
NOTE") portion of Form T07A to record the average
projectlon/depression(s) of the tested specimen).

40 The test spe(-imen did not have any traffic direction ,ymbol
(arrow or "T"). An arbltrary llne was drawn to show the axis

of the specimen durlng resillent modulus testlng.

, 9.2 The following Keneral information is to be recorded on "Worksheet 1 for
Teat Data Sheet T07An:

9.2.1 Sample Identification shall include: $HRP Section lID, Layer
_her, Field Set Number, Sample Location N-tuber, an_ SHRP
Sample Number.

9.2.2 Test Identlflcaclon, shall include: SHRP Laboratory Test Number
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and Test Date.

9.2.3 Report the following specific information for each test specimen
at each test temperature on Worksheet I:

(a) The zesilient and total vertical load levels and recoverable
horizontal and vertical deformations measured over the last

5 loadin_ cycles for each test temperature. The horizontal

movement for each LVDT shall be reported se?arately.

(b) The seating load used over the last 5 loading cycles for

each test temperature.

(c) The instantaneous and total resilient modulus for each load

cycle.

- (d) The average resilient modulus (Mr) for the last 5 load
cycles and standard deviation calculated at each test

temperature.

(e) The number of preconditioning cycles used for each test

temperature and the amount of cumulative pez_nanent

horizontal and vertical deformations that occurred durin E
each of the tests.

(f) The total number of applied load cycles obtained in

determining the resil_ent modulus values.

9.3 The s,-,_,-y test data for one test specimen at one temperature are

recorded on one sheet of Form TOTA. For each test specimen and

_emperature, Form T07A shall be accompanied by one sheet of _orksheet

"1". For a complete set of tests on one specimen, a Coral of (I) one
Form T07A, (2) three Worksheet "l"'s, and (4) two Form T07B's are

required.

a
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ANALYSIS OF VARIANCE

SYNTHETIC SPECIMENS



SAS

............ SPECIMEN R

General Linear Models Procedure

Dependent Variable : RM
Sum of Mean

Source DF Squares Square F Value Pr > F

Model 9 47516315.17 5279590.57 18.33 0. 0001

Error 18 5184584.43 288032.47

Corrected Total 27 52700899.60

R-Square C.V. Root MSE RM Mean

0. 901622 8. 291511 536. 6866 6472. 72321

Source DF Type I SS Mean Square F Value Pr > F

I-_-_3ORATORY 9 47516315.17 5279590.57 18..'33 0 0001

Source DF Type IIi SS 5._ean Square F Value Pr > F

LABORATORY 9 47516315.17 5279590.57 18.33 0. 0001

............ SPECIMEN K

General Linear Models Procedure

Source Type !iI Expected Mean Square

LABORATORY Vat(Error) + 2.6984 Var(12LBORATORY)

H_2



SAS

........ SPECIMEN T

, General Linear Models Procedure

Dependent Variable: RM
Sum of Mean

Source DF Squares Square F Value Pr > F

Model 9 8075744480 897304942 14.15 0.0001

Error 18 1141722636 63429035

Corrected Total 27 9217467116

R-Square C.V. Root MSE RM Mean

0.876135 5.499839 7964.235 144808.517

Source DF Type I SS Mean Square F Value Pr > F

LABOP_.TOKY 9 8075744480 897304942 14.15 0.0001

Source DF Type III SS Mean Square F Value Pr > F

_ORATOKY 9 8075744480 897304942 14.15 0.0001

---SPECIMEN T

General Linear Models Procedure

Source Type iiI Expected Mean Square

L_OKATORY Var(Error) + 2.6984 Var(AGENCY)
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SAS

....... SPECIMEN P

General Linear Models Procedure

Dependent Variable : RM
Sum of Mean

"Source DF Squares Square F Value Pr > F

Model 9 40984809499 4553867722 i. 95 0. 1096

Error 18 42124021121 2340223396

Corrected Total 27 83108830621

R-Square C.V. Root MSE RM Mean

0. 493146 20. 85803 48375.86 231929. 220

Source DF Type I SS Mean Square F Value Pr > F

i_ABORATOKY 9 40984809499 4553867722 I. 95 0. 1096

Source DF Type IiI SS Mean Square F Value Pr > F

L_OKATORY 9 40'984809499 4553867722 i. 95 0. 1096

---SPECIMEN P

General Linear Models Procedure

Source Type IIi Expected Mean Square

!_ABORATOKY Var(Error) + 2.6984 Var(LABOKATORY)
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SAS analysis of variance (Procedure GLM) for the Synthetic Specimens

........... SPECIMEN L

General Linear Models Procedure

Dependent Variable: RM
Sum of Mean

Source DF Squares Square F Value Pr > F

Model 9 79303121574 8811457953 3.10 0. 0316

Error 13 36904347620 2838795971

Corrected Total 22 116207469194

R-Square " c.V.. Root MSE RM Mean

0. 682427 9. 484764 53280.35 561746. 730

Source DF Type I SS Mean Square F Value Pr > F

I_ABOP_-TORY 9 79303121574 8 811457953 3. i0 0.0316

Source DF Type III SS Mean Square F Value Pr > F

:L_OP_TOKY 9 79303121574 8811457953 3. !0 0. 0316

-SPECIMEN L

General Linear Models Procedure

Source Type IIi Expected Mean Square

i_OKATOKY Var (Error) + 2. 2222 Var (LABORATORY)
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APPENDIX C.

NESTED ANALYSES OF VARIANCE

FIELD CORES



NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

---NEW COKES TEMPERATUKE=40F RECPD=0.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOT_ 119 44641794

AGENCY 7 39431204

SPECNO 32 3425084

ERROR 80 1785506

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 375141 424990 100.0000
AGENCY 5633029 374433 88.103!9

SPECNO 107034 28238 6.644:5

ERROR 22319 22319 5.2516

Mean 1726.71257733

Standard error of mean 230.16283672

.... NEW CORES TEMPERATUKE=40F ._ECPD=I. 9

Nested Random Effects Ana:_.ysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 118 44869951
AGENCY 7 40737050

SPECNO 32 3013523

ERROR 79 ii19378

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 380254 432718 100. 0000

AGENCY 5819579 391632 90. 5051

SPECNO 94173 26917 6. 2204

ERROR 14169 14169 3.2i'45

Mean 1721.27325882

Standard error of mean 235.92269050
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

---NEW CORES TEMPERATURE=40F RECPD=2.9

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 118 53101055

AGENCY 7 37710807

SPECNO 32 7432324

ERROR 79 7957924

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 450009 497059 100.0000

AGENCY 5387258 352096 70.8358

SPECNO 232260 44230 8.8984

ERROR 100733 100733 20.2658

Mean 1755.22870328

Standard error of mean 225.45912388

--NEW CORES TE_EKATUKE=77F KECPD=0.9 -

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 161 23918938

AGENCY 9 13368886
SPECNO 40 4438031

ERROR 112 6112021

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 148565 158005 100.0000

AGENCY 1485432 86004 54.4311

SPECNO 110951 17429 11.0309
ERROR 54572 54572 34.5380

Mean 1085.12452426

Standard error of mean 101.76806825
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

-NEW CORES TEMPERATURE=77F RECPD=I. 9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of S_un of

Source Freedom Sc51ares

TOTAL 161 231151250

AGENCY 9 13840996

SPECNO 40 4906055

E_OR 112 4414198

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 143859 153715 100. 0000

AGENCY 1537888 88575 57. 6229

SPECNO 122651 25727 16. 7371

E_R/<OR 39412 39412 25. 6400

Mean 1060. 38725784

Standard error of mean 103.65498936

NEW CORES T?:MPERATURE=77F .q_CPD=2.9

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 142 22189424

AGENCY 8 14 942262

SPECNO 36 __648123

E.R._OK 98 3599039

Variance Variance Percent

Source Mean Square Component of Total

TOTAL i5 6264 170067 i00. 0000

AGENCY 1867783 112987 66. 4372
SPECNO 101337 20354 ii. 9683

ERROR 36725 36725 21.5944

Mean 1061. 90750678

Standard error of mean 122.04796370
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

-NEW CORES TEMPERATURE=I02F RECPD=0.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 107 10235873

AGENCY 6 8121042

SPECNO 27 1191262

E_OK 74 923569

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 95662 109059 100.0000

AGENCY 1353507 86645 79.4476

SPECNO 44121 9934 9.1084

ER/{OR 12481 12481 11.4440

Mean 552.13204352

Standard error of mean 119.50853360

.... NEW CORES TEMPERATUKE=I02F RECPD=I.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 107 8827646
AGENCY 6 6883270

SPECNO 27 1229685

ERKOK 74 714691

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 82501 93843 100.0000

AGENCY 1147212 72919 77.7027
SPECNO 45544 11267 12.0057

ERROR 9658 9658 10.2916

Mean 514.81172093

Standard error of mean 110.02534680
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

-NEW CORES TEM_?ERATURE=I02F RECPD=2.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 87 7300941

AGENCY 5 60,45197

SPECNO 23 811110

ERROR 59 444634

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 83919 98960 100.0000

AGENCY 1209039 82313 83.1778

SPECNO 35266 9111.108483 9.2068
ERROR 7536.174840 7536.174840 7.6153

Mean 550.93464250

Standard error of mean 126.47194379

SPEC=O TEMP=40F RECPD=0.9 --

Nested Random Effects Ana!ysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 135 18339499

AGENCY 8 13657930
SPECNO 34 1088539

EP_OR 93 3593030

Variance Variance Percent

Source Mean Square Component of Total

TOTAL . 135848 151407 I00.0000

AGENCY 1707241 112772 74.4828

SPECNO 32016 -2083.722798 0.0000

ERROR 38635 38635 25.5172

Mean 772.93554566

Standard error of mean 120.30682492
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NESTED ANALYSIS OF VARIANCE FOK THE RESILIENT MODULUS EXPERIMENT

SPEC=O TEMP=40F KECPD=I.9

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares _

TOTAL 134 18946861

AGENCY 8 13817326

S2ECNO 34 1395962

ERROR 92 3733573

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 141394 155061 100.0000

AGENCY 1727166 114328 73.7309

SPECNO 41058 150.836739 0.0973
ERROR 40582 40582 26.1718

Mean 763.43676037
Standard error of mean 121.30061783

SPEC=O TEMP=40F RECPD=2.9 --

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 115 14948790

AGENCY 7 12309803
SPECNO 30 772490

EKKOK 78 1866497

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 129989 146666 100.0000

AGENCY 1758543 122143 83.2797

SPECNO 25750 593.545219 0.4047
ERROR 23929 23929 16.3156

Mean 696.62670612
Standard error of mean 133.40561791
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

SPEC=O TEMP=77F RECPD=0.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees

Variance of Sum of

Source Freedom Squares

TOTAL 133 2503904

AGENCY 8 2311958

SPECNO 34 90850
ER._OR 91 101096

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 18826 21169 100.0000

AGENCY 288995 19558 92.3914

SPECNO 2672.053024 499.684094 2.3605

EB/_OK 1110.948470 1110.948470 5.2481

Mean 239.50948343
Standard error of mean 49.82685959

--- SPEC=O TEMP=77F RECPD=l.9

Nested Random Effects _alysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 135 2109944

AGENCY 8 1933745
SPECNO 35 62343

ERROR 92 113855

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 15629 17520 100.0000
AGENCY 241718 16107 91.9328

SPECNO 1781.238961 175.830773 1.0036

ERROR 1237.559047 1237.559047 7.0636

Mean 227.64658301

Standard error of mean 44.78805312
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

SPEC=O TEMP=77F RECPD=2.9

Nested Random Effects Analysis of Variance for Variable EKI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 116 2002270
AGENCY 7 1859523

SPECNO 31 61685

ERROR 78 81061

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 17261 19713 100.0000

AGENCY 265646 18357 93.1234

SPECNO 1989.849499 316.331176 1.6047

E._OK 1039.244777 1039.244777 5.2719

Mean 234.93698692

Standard error of mean 50.98359899

SPEC=O TEMP=i02F KECPD=0.9

Nested Random Effects _ma!ysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 65 272534

AGENCY 4 261905

EPECNO 19 5664.393108

EB._OR 42 4965.119275

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 4192.834663 5367.059660 100.0000
AGENCY 65476 5183.525317 96.5804

• SPECNO 298.125953 65.317218 1.2170

E._ROR 118.217126 118.217126 2.2026

" Mean 64.57605864

Standard error of mean 35.18171108
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NESTED ANALYSIS OF VARIANCE FOR THE RESILIENT MODULUS EXPERIMENT

SPEC=O TEMP=I02F RECPD=I.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom S_lares

TOTAL 67 447872

AGENCY 4 4130797
SPECNO 19 6844. 377622

ERROR 44 10231

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 6684. 654695 8479. 098595 I00. 0000

AGENCY 107699 8201. 642645 96. 7278

SPECNO 360. 230401 44. 934702 0. 5299

E,__ROR 232. 521249 232. 521249 2. 7423

Mean 74. 70064985

Standard error of mean 43.50571969

SPEC=O TEMP=I02F RECPD=2.9

Nested Random Effects Analysis of Variance for Variable ERI

Degrees
Variance of Sum of

Source Freedom Squares

TOTAL 47 710868

AGENCY 3 659410

SPECNO 15 32032
ERROR 29 19426

Variance Variance Percent

Source Mean Square Component of Total

TOTAL 15125 20368 i00. 0000

AGENCY 219803 19120 93. 8708 ,
SPECNO 2135. 487117 578. 534034 2. 8404

ERROK 669. 867565 669. 867565 3.2888

Mean 101. 32036583 '

Standard error of mean 74.55385872
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APPENDIX D.

LABORATORY AVERAGES AND
STANDARD DEVIATIONS

FOR SYNTHETIC AND
CORE SPECIMENS



LABORATORY AVERAGES FOB RESILIENT MODULUS TESTS FOR
SYNTHETIC SPECIMENS

OBS SPECIMEN LAB N RM

1 L A 3 510366.67

2 L B 6 532549.12

3 L C 2 538573.00

4 L D 1 413333.33

5 L E 2 623040.95

6 L F 2 544195.00

7 L H 2 539990.56

8 L I 2 685936.51

9 L J 2 519500.00
10 L K 2 591818.18

ii L L 2 517943.55

12 L N 2 614275.60

13 L P 2 550008.00

14 L Q 4 482975.00
15 L R 4 723657.14

16 L S 6 593792.90

17 L T 6 642989.00
18 L U 4 666644.43

19 L V 2 530703.10

20 P A 6 226900.00

21 P B 6 180470.86

22 P C 2 196199.00

23 P D 2 256436.01

24 P E 2 245880.30
25 P F 2 204995.00

26 P H 2 198899.29

27 P I 2 285773.33

28 P j 2 206140.00
29 P K 2 238461.54

30 P L 6 269568.63

31 P M 6 209500.00

32 P N 2 270246.17

33 P P 6 233636.00

34 P Q 4 217100.00

35 P R 4 253811.30
36 P S 6 184503.47

37 P T 6 295864.00

38 P U 4 255400.70

39 P V 2 210725.50
40 K A 6 5500.00

41 K B 6 4651.29
42 R C 2 5841.50

43 K D 2 7413.00

44 K E 2 8767.52
45 K F 2 5860.00

46 R H 2 6118.22

47 R I 2 7594.52

48 R J 2 6696.00
49 R K 2 5218.85
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LABORATORY AVERAGES FOR RESILIENT MODULUS TESTS FOR

SYNTHETIC SPECIMENS

OBS SPECIMEN LAB N RM

50 R . L 6 7483.11

51 R M 6 5616.67
52 K N 2 7401.28

53 R P 4 7131.08

54 R Q 4 4775.00
55 R R 4 6941.12

56 R S 6 7713.22

57 R T 3 7619.00

58 K U 4 6196.42

59 R V 2 10598.80
60 T A 6 148416.67

61 T B 6 149702.92

62 T C 2 157783.50
63 T D 2 142024.54

64 T E 2 138452.09

65 T F 2 127795.00
66 T H 2 130128.10

67 T I 2 190404.46

68 T J 2 120270 00

69 T K 2 156987 18

70 T L 6 127076 34
71 T M 6 146166 67

72 T N 2 153406 59

73 T P 4 142488 00

74 T R 4 181291 50

75 T S 3 181289 56

76 T T 6 206705 00
77 T U 4 146883 84

78 T V 1 154310.80
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS

BY LABORATORIES

RECPD=0.9 TEMP=40 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NS_LMP

1 0.9 40 N A 2041.42 365.490 :20
2 0.9 40 N B 785.06 82. 778 20

3 0.9 40 N D 1224.56 226.353 8

4 0.9 40 N E 2239.87 404.835 8

5 0.9 40 N G 2378.18 213.531 18

6 0.9 40 N H 2040.20 125.318 10

7 0.9 40 N I 2579.42 222.204 10
8 0.9 40 N J 1353.46 263.357 110

9 0 .9 40 N K 1281 .33 81 .242 :20

i0 0.9 40 N L 2191.18 213. 685 20

Ii 0.9 40 N M 2149.50 194. 200 110

12 0.9 40 N R 3068.72 670. 478 112

RECPD=0.9 TEMP=40 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

13 0.9 40 O B 676.22 299.580 20

14 0.9 40 O C 1056.48 293.314 120
15 0.9 40 O D 476.60 251.134 10

16 0.9 40 O E 997.67 339.485 8
17 0.9 40 O F 661.72 114.883 120

18 0.9 40 O G 1203.76 232.807 120

19 0.9 40 O H 893.07 63.036 10

20 0.9 40 O I 1006.36 63.004 10

21 0.9 40 O J 424.59 162.414 10
L22 0.9 40 O K 218.17 21.033 120

23 0.9 40 O L 1166.66 194.894 120

24 0.9 40 O M 848.75 380.725 8

25 0.9 40 O R 1552.57 263.065 2
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AVERAGES AND STANDARDDEVIATIONS FOR THE CORE SPECIMENS
BY LABORATORIES

RECPD=0.9 TEMP=77 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

26 0.9 77 N A 1310.82 295.688 20

27 0.9 77 N B 719.17 108.177 20

28 0.9 77 N C 1007.37 299.179 20

29 0.9 77 N D 902.18 201.147 8
30 0.9 77 N E 1112.63 202.857 8

31 0.9 77 N F 738.06 461.370 24

32 0.9 77 N G 1717.39 174.368 16

33 0.9 77 N H 1336.81 155.862 9

34 0.9 77 N I 1381.39 221.005 i0

35 0.9 77 N J 858.78 95.142 9
36 0.9 77 N K 1017.92 45.134 20

37 0.9 77 N L 1335.39 246.680 20

38 0.9 77 N M 1668.90 136.955 i0

39 0.9 77 N N 1215.10 207.904 i0

40 0.9 77 N R 2100.39 21.669 4

RECPD=0.9 TEMP=77 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

41 0.9 77 O A 281.584 51.4278 20

42 0.9 77 O B 134.303 21.4214 20

43 0.9 77 O C 159.838 25.7095 18

44 0.9 77 O D 273.681 97.3998 i0

45 0.9 77 0 E 158.321 11.0045 9

46 0.9 77 0 F 138.134 30.4973 I0
47 0.9 77 O G 440.163 47.2305 20

48 0.9 77 O H 256.410 17.0619 i0

49 0.9 77 O I 228.054 17.0967 i0

50 0.9 77 O K 110.504 18.4085 20

51 0.9 77 O L 471.469 70.2170 20
52 0.9 77 O M 471.875 71.2048 8

53 0.9 77 O N 107.949 9.8036 8

54 0.9 77 O R 582.075 27.8031 4
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS

BY LABORATORIES

RECPD=0.9 T_IP=I02 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

55 0.9 102 N B 235.16 66.631 20

56 0.9 102 N C 363.48 124.610 20
57 0.9 102 N D 460.29 105.105 8

58 0.9 102 N E 493.64 71.941 10

59 0.9 102 N G 952.71 195.881 16

60 0.9 102 N H 808.07 269.297 10
61 0.9 102 N I 508.26 119.243 10

62 0.9 102 N K 408.71 55.409 20

63 0.9 102 N L 901.90 215.008 20

64 0.9 102 N M 1035.25 50.883 8

65 0.9 102 N R 1978.26 . 1

RECPD=0.9 T_KMP=I02 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NS_/4P

66 0.9 102 O B 41.114 9.811 210

67 0.9 102 O C 49.426 7.807 210
68 0.9 102 O E 50.015 5.135 10

69 0.9 102 O G 326.063 128.252 20

70 0.9 102 O I 42.973 6.711 10
71 0.9 102 O K 44.048 9.577 10

72 0.9 102 0 M 263.500 35.809 6

RECPD=I.9 TEMP=40 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NS_4P

73 1.9 40 N A 2016.36 321.937 20

74 I. 9 40 N B 775.52 96. 217 210

75 1.9 40 N D 1193.75 311.606 8

76 1.9 40 N E 2183.92 273.259 8

77 1.9 40 N G 2471.90 292.727 18
78 I. 9 40 N H 2120. I0 150. 171 10

79 I. 9 40 N I 2660. I0 184. 980 10
80 1.9 40 N J 1282.39 187.739 9

81 1.9 40 N K 1281.93 76. 741 210

82 1.9 40 N L 2125.34 218.166 20

83 1.9 40 N M 2150.50 140.896 10

84 1.9 40 N R 3259.50 595.255 11
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS

BY LABORATORIES

RECPD=I.9 TEMP=40 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

85 1.9 40 O B 702.82 337.101 20

86 1.9 40 O C 1016.07 301.440 20
87 1.9 40 O D 439.14 204.677 I0

88 1.9 40 O E 936.50 181.216 8

89 1.9 40 O F 666.18 173.467 20

90 1.9 40 O G 1180.62 182.344 20

91 1.9 40 0 H 912.04 80.829 i0

92 1.9 40 O I 1015.44 72.138 i0

93 1.9 40 O J 285.12 52.545 i0
94 1.9 40 O K 212.35 25.758 19

95 1.9 40 O L 1122.29 157.580 20
96 1.9 40 O M 917.00 397.583 8

97 1.9 40 O R 1490.47 641.579 2

RECPD=I.9 TEMP=77 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

98 1.9 77 N A 1201.51 284.293 20

99 1.9 77 N B 713.69 105.153 20

I00 1.9 77 N C 967.37 304.259 20

101 1.9 77 N D 873.86 237.528 8
102 1.9 77 N E 1129.85 220.313 8

103 1.9 77 N F 695.69 378.349 24

104 1.9 77 N G 1747.82 181.249 16

105 1.9 77 N H 1365.83 132.349 10

106 1.9 77 N I 1399.87 241.911 10
107 1.9 77 N J 868.87 201.392 8

108 1.9 77 N K 1001.86 50.286 20

109 1.9 77 N L 1284.39 267.773 20

ii0 1.9 77 N M 1710.20 126.755 i0
111 1.9 77 N N 1134.91 198.949 i0

112 1.9 77 N R 2234.38 50.615 4
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS
BY LABORATORIES

RECPD=I.9 TEMP=77 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NS_tMP

113 i. 9 77 O A 251. 742 46. 026 :._0

114 1 .9 77 O B 132 .657 20 .989 :._0

115 i. 9 77 O C 145. 079 19. 898 :L8

116 I. 9 77 0 D 344. iii 157. 671 I0

117 i. 9 77 O E 158. 589 15. 770 I0

118 i. 9 77 O F 129. 650 46. 130 i0

119 i. 9 77 0 G 452. 269 48. 565 ").0

120 i. 9 77 0 H 259. 266 26. 005 i0

121 i. 9 77 O I 240. 625 21. 946 i0

122 i. 9 77 O K 113. 105 18. 994 20

123 i. 9 77 O L 399. 151 62. 383 :;.0
124 i. 9 77 O M 490. 000 62. 831 10

125 i. 9 77 O N 96. 358 8. 385 8

126 I. 9 77 O R 625. 170 37. 766 3

RECPD=I.9 TEMP=I02 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

127 I. 9 102 N B 230.24 64. 794 :20

128 I. 9 102 N C 342.56 116. 206 :20

129 1.9 102 N D 444.36 113.772 8
130 i. 9 102 N E 493.64 71. 941 10

131 I. 9 102 N G 992.42 188. 150 16

132 i. 9 102 N H 624.75 189. 603 10

133 1.9 102 N I 505.40 -121.203 10
134 i. 9 102 N K 402.78 48. 809 :20

135 1.9 102 N L 804.58 238.497 20

136 i. 9 102 N M 1086.88 61. 276 8
137 i. 9 102 N R 1780.24 . 1

RECPD=I.9 TEMP=I02 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NS_(P

138 i. 9 102 O B 47. 184 8. 004 120

139 i. 9 102 O C 46. 523 8. 054 120

140 i. 9 102 O E 50. 015 5. 135 110
141 1.9 102 O G 354.559 128.697 120

142 i. 9 102 O I 41. 971 2. 599 110

143 i. 9 102 O K 44.481 Ii. 269 110

144 1.9 102 O M 292.625 43.788 8
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• r

AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS
BY LABORATORIES

RECPD=2.9 TEMP=40 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

145 2.9 40 N A 2016.75 373.52 20

146 2.9 40 N B 802.24 99.66 19

147 2.9 40 N D 1188.04 337.25 9
148 2.9 40 N E 2183.92 273.26 8

149 2.9 40 N G 2363.22 243.91 18

150 2.9 40 N H 2103.48 118.69 i0

151 2.9 40 N I 2626.51 168.51 i0

152 2.9 40 N J 1566.33 1078.91 i0
153 2.9 40 N K 1265.76 60.70 20

154 2.9 40 N L 2193.97 245.63 20

155 2.9 40 N M 2113.70 232.28 i0

156 2.9 40 N R 3444.82 617.37 ii

RECPD=2.9 TEMP=40 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

157 2.9 40 O B 631.71 247.527 20

158 2.9 40 O D 457.02 236.924 i0

159 2.9 40 O E 899.60 200.023 8

160 2.9 40 O F 671.71 206.395 20

161 2.9 40 O G 1163.87 199.643 20

162 2.9 40 O H 922.53 86.615 i0

163 2.9 40 O I 1022.37 58.967 I0
164 2.9 40 O J 269.38 66.089 I0

165 2.9 40 O K 210.31 23.465 20
166 2.9 40 O L 1075.92 128.624 20

167 2.9 40 O M 948.75 402.068 8

168 2.9 40 O R 1414.11 702.829 2
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS
BY LABORATORIES

RECPD=2.9 TEMP=77 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NS;d_P

169 2.9 77 N A 1193.63 291.732 20

170 2.9 77 N B 709.42 101.631 20

171 2.9 77 N D 892.38 253.861 8

172 2.9 77 N E 1129.85 220.313 8

173 2.9 77 N F 657.36 372.248 24

174 2.9 77 N G 1773.93 212.282 16

175 2.9 77 N H 1369.66 137.800 10

176 2.9 77 N I 1402.92 205.119 10
177 2.9 77 N J 839.32 105.792 9

178 2.9 77 N K 992.81 47.753 20

179 2.9 77 N L 1272.16 265.629 20

180 2.9 77 N M 1743.60 157.678 10
181 2.9 77 N N 1113.39 186.797 ll

182 2.9 77 N R 2352.45 33.000 3

RECPD=2.9 TEMP=77 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSJLMP

183 2.9 77 O A 249.112 42.728 19
184 2.9 77 O B 129.684 16.684 20

185 2.9 77 O D 376.115 168.878 8

186 2.9 77 O E 158.589 15.770 10
187 2.9 77 O F 111.118 15.794 10

188 2.9 77 O G 468.140 54.265 20

189 2.9 77 O H 255.654 29.446 10

190 2.9 77 O I 244.726 26.300 10

191 2.9 77 O K 108.476 19.074 20
192 2.9 77 O L 377.366 61.790 :20

193 2.9 77 O M 514.700 63.986 10

194 2.9 77 O N 94.213 7.895 8

195 2.9 77 O R 634.680 2.263 2
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AVERAGES AND STANDARD DEVIATIONS FOR THE CORE SPECIMENS
BY LABORATORIES

RECPD=2.9 TEMP=I02 SPEC=N

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

196 2.9 102 N B 232.85 67.413 20

197 2.9 102 N D 447.72 129.890 8
198 2.9 102 N E 493.64 71.941 i0

199 2.9 102 N G 995.31 200.918 16
200 2.9 102 N H 668.72 79.508 i0

201 2.9 102 N I 505.82 132.681 I0

202 2.9 102 N K 408.51 45.997 20

203 2.9 102 N L 741.38 212.374 20

204 2.9 102 N M 1135.25 90.172 8

205 2.9 102 N R 1931.89 . 1

RECPD=2.9 TEMP=I02 SPEC=O

OBS RECPD TEMP SPEC LAB AVERAGE STD NSAMP

206 2.9 102 0 B 54.877 27.742 20

207 2.9 102 O E 50.015 5.135 i0
208 2.9 102 O G 400.763 212.793 20

209 2.9 102 O I 43.719 3.979 i0
210 2.9 102 O K 42.364 10.104 I0

211 2.9 102 O M 363.125 71.489 8
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APPENDIX E.

PRECISION STATEMENTS



Table 1

PRECISION STATEMENTS

for

SYNTHETIC REFERENCE SPECIMENS

Specimen & Mean total is I Is% I d2sl

Type of Index MR(psi) at
50# load

Single

Operator
Precision

neoprene 6,473 537 8 1,519

teflon 144,809 7,964 6 22,562

poly 231,929 48,376 21 136,828

lucite 561,746 53,280 9 150,699

Multi-

laboratory
Precision

neoprene 6,473 1,462 21 4,135

teflon 144,809 19,299 12 54,586

poly 231,929 56,219 12 159,011

lucite 561,746 74,340 9 210,265

:These numbers represent, respectively, the (is), (Is%), and
(d2s) limits as described in ASTN C670, Preparing PrecJ. sion
Statements for Test Methods for Construction Materials.



Table 2

PRECISION STATEMENTS for the

RESILIENT MODULUS of

NEW ASPHALT CORES

Type of mean total Is2 is%_ d2s 2

index, temp- MR(psi)
erature, and

rest period

Single Oper-
ator Prec-

ision.

41 o F

0.9 seconds 1,727,000 149,000 9- 421,000

1.9 s 1,721,000 119,000 7 337,000

2.9 s 1,755,000 317,000 18 897,000
77 o F

0.9 s 1,085,000 234,000 22 662,000

1.9 s 1,060,000 199,000 19 563,000

2.9 s 1,062,000 192,000 18 543,000
104 o F

0.9 s 552,000 112,000 20 317,000

1.9 s 505,000 98,000 19 277,000

2.9 s 551,000 87,000 16 246,000

Multilabor-

atory Prec-
ision.

410 F

0.9 seconds 1,727,000 630,000 36 1,782,000

1.9 s 1,721,000 637,000 37 1,802,000

2.9 s 1,755,000 672,000 38 1,902,000
77o F

0.9 s 1,085,000 374,000 34 1,061,000

1.9 s 1,060,000 358,000 34 1,014,000

2.9 s 1,062,000 387,000 36 1,095,000
104 o F

0.9 s 552,000 315,000 57 890,000

1.9 s 505,000 287,000 56 812,000

2.9 s 551,000 300,000 54 848,000

2These numbers represent, respectively, the (ls), (Is%), and

(d2s) limits described in ASTM C670, Preparing Precision
Statements for Test Methods for Construction Materials.



Table 3

PRECISION STATEMENTS for %he

RESILIENT MODULUS of

OLD ASPHALT CORES

Type of mean total is 3 is% 3 d2s 3

index, temp- MR(psi)
erature, and

rest period

Single Oper-
ator Prec-

ision.

410 F

0.9 seconds 773,000 197,000 25 557,000

1.9 s 763,000 201,000 26 569,000

2.9 s 697,000 155,000 22 438,000
77 o F

0.9 s 240,000 33,000 14 93,000

1.9 s 228,000 132,000 58 373,000

2.9 s 235,000 136,000 58 384,000
104 o F

0.9 s 64,000 ii,000 17 31,000

1.9 s 75,000 15,000 20 42,000

2.9 s I01,000 26,000 26 74,000

Multilabor-

atory Prec-
ision.

410 F

0.9 seconds 773,000 389.000 50 1,102,000

1.9 s 763,000 393.000 52 I,I12,000

2.9 s 697,000 382.000 55 1,080,000
77o F

0.9 s 240,000 144.000 60 407,000

1.9 s 228,000 132.000 58 373,000

2.9 s 235,000 13_.000 58 384,000
1040 F

0.9 s 64,000 ?3.000 II_ 206,000

1.9 s 75.000 _.C>30 .L2S 261,000

2.9 s iOi,O00 140.000 ]39 397,000

3These numbers represent, respectively, the (is), (is%), and
(dZs) limits described in ASTM C670, Preparing Precision
Statements for Test Methods for Construction Materials.
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