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ABSTRACT

A system for calibrating the Marshall compaction hammer has recently been developed at the
National Institute of Standards and Technology, in collaboration with the American Associa-
tion of State Highway Transportation Officials (AASHTO), Materials Reference Laboratory
(AMRL). The calibration system consists of a spring-mass device with an integral force
transducer and a high-speed data acquisition system, The force delivered by the hammer to
the calibration device is recorded as a function of time and analyzed to determine the peak
force and impulse. Time histories from a series of hammer blows are analyzed to determine
the average peak force, average impulse, and cumulative impulse. The proposed calibration
procedure is based on adjusting the number of hammer blows delivered to a specimen, such
that a standard compactive effort is supplied during the compaction process, regardless of
slight variations in the Marshall hammer. In an earlier laboratory evaluation program, the
calibration system and procedure proved to be effective in reducing the variability of Marshall
test results.

Presented in the report is a summary of a field evaluation program of the calibration system
and procedure. In this study, Marshall specimens were prepared in bituminous laboratories
using “production” Marshall hammers: twelve laboratories, or field “sites”, participated in the
study. Sixteen Marshall specimens were prepared at each site. Four specimens were prepared
using a standard 50-blow Marshall procedure and four using a standard 75-blow Marshall
procedure; these are referred to as the uncalibrated specimens. Four specimens were prepared
using a calibrated blow count corresponding to a standard 50-blow cumulative impulse, and
four were prepared using a calibrated blow count corresponding to a standard 75-blow
cumulative impulse; these are referred to as the calibrated specimens. Height, air voids, flow
and stability were determined for each of the specimens. Results were compiled and analyzed
to determine the between-laboratory variability of the data for the uncalibrated and calibrated
specimens.

The system was, in general, ineffective in reducing the between-laboratory variability of the
test results in the full data set. The variability of the calibrated test results increased or
decreased relative to the uncalibrated results for different specimen properties, The system
was e~ective, however, in reducing the variability of the test results when evaluated in the
reduced data set, that included results from nine sites; data from three sites were eliminated in
the statistical analysis because these results were believed to be flawed, in a way that may
have compromised the Marshall test results. In the reduced data set, the variability of the
calibrated test results decreased by as much as thirty percent, relative to the uncalibrated
results. One possible explanation for the marginal reduction in variability with calibration is
that the study sample of Marshall hammers was atypical of the total population: nine of the
twelve machines were from the same manufacturer, and six of those were less than three
years old. The machines provided reasonably consistent results, thus, there was little room for
improvement. This is supported by comparison of the uncalibrated test results to data from
the AASHTO Materials Reference Laboratory, Proficiency Sample Program.
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CHAPTER 1. INTRODUCTION

Historically, hot-mix asphalt has been designed using the Marshall method of mix design.
Originally developed in the early 1920s, the procedure is relatively inexpensive, and requires
little in the way of sophisticated equipment. More advanced techniques for mix design have
been developed under the Strategic Highway Research Program (SHRP); however, the
Marshall method is still the method of choice of most state highway agencies. Improvements
in the Marshall mix design procedure will continue to be of benefit to the industry, as the
results of the SHRP program are gradually adopted in the coming years.

AASHTO T-245 outlines the Marshall method of mix design; the procedure is briefly
summarized as follows. A sample of hot-mix asphalt is placed in a 102 mm (4 in) diameter
cylindrical steel mold and spaded twenty-five times with a spatula. The sample is then
compacted using a manually-operated or mechanically-operated Marshall compaction hammer.
Fifty blows are applied to each side of the specimen in a standard “50-blow” Marshall design.
Other designs require thirty-five or seventy-five blows per side, depending on the pavement
classification. After allowing the mold to cool slightly, the compacted asphalt concrete
specimen is extruded from the mold. Tests are then conducted on the sample to determine the
properties of the mix. The properties include bulk specific gravity, stability, flow, percent air
voids and height. Test procedures for determining these properties are outlined in other
AASHTO and ASTM standards.

A manually-operated Marshall compaction hammer is illustrated in figure 1. It includes the
hammer assembly and pedestal with mold hold-down device. The hammer assembly, as
referred to here, consists of the tamping foot, shaft, drop weight, and handle. Specifications
for the critical components of the hammer design are outlined in AASHTO T-245, these are:
98 mm (3.875 in) diameter tamping foot, 4.5 kg (10 lb) drop weight and 457 mm (18 in) drop
height. Details on the construction of the pedestal are also given in the standard. With a
manually-operated hammer, the operator must raise and release the drop weight for each blow
applied. A total of 100 blows are required for each specimen in a standard 50-blow Marshall
design, or 300 blows for a typical 3 replicate set. The manual hammer is obviously labor
intensive. Some years ago, to alleviate the burden of manual operation, mechanically-operated
Marshall hammers were developed.

An example of a mechanically-operated Marshall hammer is shown in figure 2. The mechani-
cally-operated hammer must adhere to the same specifications as the manual hammer, with
regard to design and construction. A mechanical hammer automatically raises the drop weight
to the proper height and releases it. Most mechanical hammers also have automatic counters
and are designed to stop at a preselected number of blows. There are several manufacturers of
mechanical Marshall hammers: the design and method of operation of mechanical hammers
varies considerably from one manufacturer to the next. Although the standard does not
provide specific guidelines or details to calibrate the mechanical hammer, AASHTO T-245
states, “a mechanically operated hammer may be used provided it has been calibrated to give
results comparable with the hand operated hammer”.
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Although the Marshall procedure is simple, relatively inexpensive, and described in several
national standards, test results are known to be subject to wide variability. One indication of
the wide variability can be found in the results of the AASHTO Materials Reference
Laboratory (AMIU) Proficiency Sample Program (PSP) (Dickey, 1992). In the PSP,
laboratories from across the country prepare and test Marshall specimens in accordance with
AASHTO T-245, using similar materiak provided by AMRL. Test results are then compiled
and analyzed to determine the between- and within-laboratory variability of the test method.
Between-laboratory variability refers to the variation of the test results, obtained from
different laboratories following the same test procedure. Within-laboratory variability refers to
the variation in replicate test results from a single laboratory, obtained by repeating the same
test under controlled conditions. More than nine years of data have been compiled in the PSP
for hot-mix asphalt designed using the Marshall method. On average, the between-laboratory
variability, measured by the coefficient of variation (standard deviation divided by the
average), for air voids is in the range of 20 to 35Y0, stability is near 20~0, and flow is in the
15 to 25% range. The within-laboratory variability for each of these properties is generally
less than 10%. The variability of Marshall test results has also been demonstrated in several
round-robin mix exchange programs and is discussed in Siddiqui, et al, (1987).

Siddiqui, Tretheway and Anderson (Siddiqui, et al, 1987) report that much of the scatter in
the Marshall data can be attributed to compaction hammer related variables. Hammer
variables that may affect the test results include, variation in drop weight or drop height,
friction, hammer alignment, pedestal construction and foundation compliance. Each of these
factors is likely to have an influence on the compactive effort of the hammer, and in turn, the
mix design properties.

Research to date suggests the need for a systematic procedure for calibrating the Marshall
compaction hammer, so that a standard compactive effort can be supplied to specimens
regardless of slight variations in machines. A calibration system was recently developed at the
National Institute of Standards and Technology (NIST), in collaboration’ with the AASHTO
Materials Reference Laboratory (Shenton, et al, 1994). The calibration system is based on a
mechanical spring-mass device, with integral force transducer, and a high speed data
acquisition system. Calibration involves adjusting the number of blows to be delivered by a
particular hammer, such that a standard “compactive effort” is supplied to the specimen. As
part of the initial development study, a laboratory evaluation program was conducted to assess
and evaluate the calibration system. Results clearly demonstrated the effectiveness of the
calibration system in reducing the between-laboratory variability of Marshall test data.

To further evaluate the calibration system a field evaluation study has been conducted. The
purpose of the study was to assess and evaluate the system using “production” Marshall
equipment. The results of the field evaluation study are presented in this report.

4



The report is organized as follows. An overview of the calibration system and a brief
discussion of the laboratory evaluation program is presented in chapter 2. Chapter 3 describes
the field evaluation program. The presentation and discussion of results is found in chapter 4.
Conclusions and recommendations for future work are presented in chapter 5. The proposed
calibration procedure, as originally presented in Shenton, et al, 1994, is reprinted in Appendix
A of this report.

5



CHAPTER 2. CALIBRATION SYSTEM

Overview

The calibration system consists of three main components, (1) the elastic spring-mass
calibration device with integral force transducer, (2) power supply, and (3) high-speed data
acquisition system. The calibration system was developed specifically for a mechanical
hammer with non-rotating base, flat tamping foot and 102 mm (4 in) diameter specimen
mold. A schematic drawing of the calibration system is shown in figure 3; a photograph of
the system is shown in figure 4.

The principal components of the calibration device include the base plate, top plate, assembly
bolt, Belleville springs and force transducer. During operation the tamping foot of the
Marshall hammer rests on top of the calibration device. A blow from the hammer causes the
Belleville springs to compress, and the force from the blow is transferred through the
piezoelectric force transducer, into the machine pedestal and to the foundation. The force of
the hammer blow is recorded as a function of time by the high-speed data acquisition system
and stored for subsequent analysis. For calibration (Appendix A), three sets of seventy-five
blows are recorded, with the calibration device oriented in the machine in the 4-, 8- and 12-
O’clock positions, respectively.

Analysis of the recorded force time histories includes determining the peak force, impulse
(integral of the force pulse from the start of the pulse to the first zero crossing) and peak
energy (proportional to the square of the peak force). The running total or cumulative impulse
and cumulative energy are also computed for a set of recorded blows. Results are listed as a
function of blow count in a summary report, and are saved to a file that can be displayed on
screen or printed. Statistics on the peak force, energy and impulse are also computed for the
set of blows and displayed at the top of the summary report. An example summary report is
shown in figure 5.

The results obtained from the recorded hammer blows provide important diagnostic data on
the Marshall hammer. One can, by examining the average and standard deviation of force,
and average and cumulative impulse, easily assess the “health” of the machine.

Calibration Procedure

Calibration involves determining a calibrated blow count for the hammer, such that a standard
“compactive effort” is delivered to the specimen. In the proposed calibration procedure
(Appendix A), the standard compactive effort is based on a standard cumulative impulse. An
alternative that was explored in the laboratory evaluation program, but found to be less
effective, is calibration based on cumulative energy. Alternative methodologies for calibrating
are discussed in Shenton, et al , 1994.

Establishing a national standard cumulative impulse would be essential for the adoption and
implementation of the calibration procedure. In the original study (Shenton, et al, 1994), and

7
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Figure 3. Calibration system.
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(a) Data acquisition system, power supply and device.

(b) Device with collars removed.

Figure 4. Photograph of calibration system.
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Summary of Results: Number of blows: 70
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60
61

68.1
68.2
70.9
69.2
68.3
67.8
68.1

700.6 22.5
713,2 22.5
726.9 22.5
739.9 22.4
752.6 22.6
765.1
777.7

22.5
22.3
22.7

1380.8
1403.1
1425.8
1448.5

62
63
64
65

68.7
68.5
67.4
68.2

790.6
803.3
815.7
828.3
841.0
853.8
865.9
878.5

22.7
22.5
22.8
22.6
22.7
22.9
22.8

1470.9
1493.7
1516.3
1539.1
1561.9
1584.8
1607.5

66
67
68
69

68.5
68.6
66.5
68.2

70

Figure 5. Summary report.

69.8 891.8 22.8
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here, the standard cumulative impulse is associated with a corresponding blow count (n), and
denoted by In. For example, 1~0denotes the “standard 50-blow cumulative impulse”. For
example, a national standard 50-blow cumulative impulse would represent the average
cumulative impulse measured at 50 blows, from a sample of typical Marshall compaction
hammers; therefore, 1~0would represent the average compactive effort of a typical Marshall
hammer. Using this value, the calibrated blow count of a sample of machines should be
distributed about, and not skewed above or below the standard 50 blows. Other standard
cumulative impulses could be established, for example, 1~5or IT~,corresponding to the
different blow counts used today.

Using the standard cumulative impulse, the calibrated blow count for a particidar machine is
determined as follows. A set of seventy-five hammer blows are recorded and the summary
report generated. The user enters the summary report (figure 5) and reads down the column
for cumulative impulse until reaching the largest value that is equal to or less than the
standard cumulative impulse. Reading across the row yields the calibrated blow count. N. is
used to denote the calibrated blow count and corresponds to the notation used for standard
cumulative impulse. The process is illustrated in figure 6 with 1~0= 1100 N-s (247 lb-s). A
calibrated blow count is determined independently for each of the three recorded data sets
measured in the
for the machine

4-, 8-
is the

and 12-o’clock positions, respectively. The final calibrated blow count
average of the three.

Laboratory Evaluation Program

A laboratory evaluation program was conducted in the original study (Shenton, et al, 1994) to,
(1) demonstrate proof-of-concept of the calibration system, and (2) expose any problems that
might remain with the calibration device or procedure. In addition, the effect of calibration
based on different measures for “compactive effort” was studied. Namely, calibration based
on cumulative impulse and calibration based on cumulative energy was considered. The
laboratory evaluation program involved comparing the Marshall test results of uncalibrated
specimens with those of calibrated specimens. An uncalibrated specimen refers to a sample
prepared using the standard procedure (e.g., 50-blows per side); a calibrated specimen refers
to a sample prepared using the calibrated blow count that is determined as described
previously.

Five machine set-ups were used in the laboratory to simulate expected variations in field
equipment and to deliberately produce variability in the Marshall test results. Two mechanical
hammers were used, a Pine Instruments Marshall compaction hammer and a Rainhart Testing
Equipment Marshall compaction hammer. These two machines made up two of the five
machine set-ups. Two other set-ups were developed to deliberately produce variability in the
test results; a 0.227 kg (0.5 lb) mass was added to the drop weight of the Pine hammer, and a
rubber pad was placed between the mold and pedestal in the Rainhart machine. Although it
was not in the scope of development of the calibration system, a manually-operated hammer
was selected for the fifth machine set-up.

11



Summary of Results:

Peak
Force
(kN)

Average 68.4
Standard Deviation : 1.s
mximunl 72.3
Minimum 63.7

.%nma?w of Per Blow Results:

Number of blows: 70

Peak
Energy

(kN-lTan)
12.74
0.55

14.22
11.05

E.sum
(kN-mm)

12.9
25.0
38.7
51.1
63.7
76.3
88.8

101.6
114.2
126.9
139.6
151.8
164.5
177.0
189.8
202.5
215.7
229.5
242.9
255.4
267.9
280.8
294.0
306.7
320.1
332.8
346.3
358.6
371.9
384.4
396.9
409.0
422.9
434.2
447.7
460.0
474.3
485.3
498.9
511.4
524.0
536.9
549.6
561.7
574.1
587.3

~ulse
OcN-sec
x lo+)

=::; IN = 1100 N-s
23.60
22.28

I_E!ax
(kx-sec
x 10-’)

22.8
23.4
23.0
23.6
23.5
23.2
23.3
23.4
23.5
23.3
23.3
23.5
23.3
23.1
23.0
23.0
22.8
22.8
22.9
23.3
23.2
22.9
22.6
22.7
22.8
22.8
22-8
22.9
23.1
23.3
23.1
23.0
22.8
23.0
22.6
23.2
22.9
23.4
22.9
22.9
23.2
23.2
23.2
23.3

Ix sum( -see
x o-’)

2.8
6.2
9.2
2.8

1 6.2

Blow P_max
(kN) ( a-m)

69.0
66.5
71.0
67.5
68.2
68.0
67.7
68.8
67.9
68.2
68.5
66.9
68.4

12.9
12.0
13.7

;

:
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

;:
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

12.4
12.7
12.6

1130.9

12.5
12.9
12.6
12.7
12.7
12.2
12.7

67.9
68.7
68.2

12.5
12.8
12.6

69.7
71.2
70.2
67.9
67.8
68.8
69.7
68.2
70.2
68.3
70.4
67.3
70.0
67.8
67.7
66.6
71.7
64.4
70.3
67.5
72.3
63.7
70.6
68.0
67.9
68.9
68.3
66.9

13.2
13.8
13.4
12.5
12.5
12.9
13.2
12.7
13.4
12.7
13.5
12.3
13.3
12. s
12.5
12.1
14.0
11.3
13.4
12.4
14.2
11.0
13.6
12.6
12.5
22.9
12.7
12.2

67.5 12.4 23.2

N,. = 69.6 13.2 22.9
co A 7? 7

68.2 12.6 612.6 23.1
68.2 12.7 625.3

%
22.9

66.9 12.2 637.4 23.2
51 69.5

1154.1
13.1 650.6 23.0 1177.0

52 68.0 12.6 663.1 23.0 1200.1
53 69.4 13.1 676.2 22.6 1222.7

65.6 11.7 687.9 23,1 1245.8
12.6 700.6 22.5
12.7

1268.3
713.2 22.5 1290.8

68.1
68.2

57
58
59
60

70.9
69.2
68.3

13.7 726.9 22.5 1313.3
13.0 739.9 22.4
12.7

1335.7
752.6 22.6 1358.3

12.5 765.1 22.5 1380.867.8
68.1
68.7
68.5

61
62
63
64
65
66
67
68

12.6 777.7 22.3 1403.1
12.8 790.6 22.7
12.7

1425.8
803.3 22.7 1448.5

12.3 . 815.7 22.5 1470.9
12.6 828.3 22.8 1493.7

67.4
68.2
68.5
68.6
66.5

12.7 841.0 22.6 1516.3
12.8 853.8 22.7
12.0

1539.1
865.9 22.9 1561.9

69 68.2 12.6 878.5 22.8
70 69.8

1584.8
13.3 891.8 22.8 3.607.5

Figure 6. Determination of calibrated blow count.
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Three, three-replicate sets of specimens were compacted in each of the machine set-ups, i.e.,
nine samples per set-up or forty-five specimens total. One set was compacted using a standard
50-blow procedure, one set using a calibrated blow count that was determined based on
cumulative impulse, and one set using a calibrated blow count that was determined based on
cumulative energy. The standard 50-blow cumulative impulse used in the study was taken as
the average of the cumulative impulse measured at fifty blows in each of the five machine
set-ups. Air voids, stability, flow, height and bulk specific gravity were measured for each of
the specimens. Statistics for each of the three sets were compiled and the “between-
laboratory” (i.e., between-machine set-up) variability of each set established.

The important results of the laboratory evaluation program are summarized below:

The variability in the data of the calibrated specimens was greatly reduced,
compared to the uncalibrated specimens.
A fifty to sixty percent reduction in standard deviation and range (maximum minus
minimum) was achieved in four out of five design properties (bulk specific gravity,
stability, air voids and height) for the specimens prepared with a calibrated blow
count based on cumulative impulse.
Calibration based on cumulative impulse was clearly more effective in reducing the
variability of the data than calibration based on cumulative energy.

Based on the favorable outcome of the laboratory evaluation program, a recommendation was
made to evaluate further the calibration system using actual field equipment.
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CHAPTER 3. THE FIELD EVALUATION PROGRAM

Overview

The field evaluation study was undertaken to:

assess and evaluate the calibration system, using “production” Marshall equipment, in
terms of its ability to reduce the between-laboratory variability of Marshall test results,
and
expose any problems that might remain with the system and recommend necessary
changes, and

. develop recommended values for the standard 50- and 75-blow cumulative impulse for
the proposed calibration procedure (Appendix A).

Similar to the laboratory evaluation program, these objectives were accomplished by
comparing the between-laboratory variability of uncalibrated and calibrated Marshall test
results. In this case, however, specimens were prepared using compaction hammers at state or
federal highway laboratories. All the compaction hammers were used in their “as-is”
condition.

Twelve bituminous laboratories, or “sites”, were selected to participate in the study. Over the
course of three months, a team of researchers from NIST and AMRL visited each site twice.
The purpose of the first site visit was to inspect the laboratory compaction hammer, collect
diagnostic data and prepare the uncalibrated Marshall specimens. Diagnostic data refers to
statistics on the force, impulse and cumulative impulse for a Marshall hammer, measured
using the calibration system. Two, four-replicate sets of uncalibrated specimens were made
during the first site visit. One set used the 50-blow Marshall and the other used 75 blows.
The purpose of the second site visit was to calibrate the compaction hammer and prepare the
calibrated Marshall specimens. Two, four-replicate sets of calibrated Marshall specimens were
made at each site during the second visit. One set was made using a calibrated blow count
based on a standard 50-blow cumulative impulse, and one set was made using a calibrated
blow count based on a standard 75-blow cumulative impulse. All total, 192 Marshall
specimens were made and tested for the field evaluation program. Results for the uncalibrated
and calibrated specimens were compiled and the between-laboratory variability established.

In developing the field evaluation program, every effort was made to reduce the variability in
the Marshall test results due to non-hammer related effects. To reduce the variability due to
materials and mix design, each site was given the materials needed to prepare the specimens
for the study. Sample materials were pre-weighed, individually wrapped and shipped by
AMRL. The local site technicians were responsible for preparing the mix and compacting the
sample; however, an AMRL inspector was present during each visit to ensure that specimens
were prepared in accordance with AASHTO T-245. To reduce the variability of subsequent
testing, i.e., in testing to determine air voids, stability, etc., all subsequent tests were
conducted by AMRL personnel, at the AMRL laboratory. Further details on the study are
described in the sections to follow.
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Selection of Field Sites

Several factors were considered in selecting the laboratories for the study, including:
proximity tothe Washington, D.C. area, proper Marshall equipment, scheduling and
AASHTO laboratory accreditation. Since each site wastobe visited twice by the research
team it was desirable that they be located within a reasonable driving distance of Washington,
D.C. (where NIST and AMRL are located). The site had to have, in operation, a
mechanically-operated Marshall compaction hammer with a flat foot and non-rotating base.
The site had be accessible for two days, once during the winter and once during the early
spring. Finally, the laboratory had to be familiar with the Marshall method of mix design. To
be accredited by AASHTO, a laboratory must be competent in the mix design procedure;
therefore, accreditation was considered important, but not absolutely necessary when selecting
the laboratories.

Twelve sites were invited and agreed to participate in the field evaluation program. Ten were
state highway laboratories, one a federal laboratory, and one was the AMRL laboratory. Of
the twelve, three are AMRL accredited. All of the laboratories are within a three to four hour
drive of Washington, D.C. The twelve laboratory sites are listed in Table 1.

Prior to each visit, the sites were given detailed instructions that outlined the tasks to be
completed, the equipment required for the visit, oven temperature settings, and the
responsibilities of the laboratory personnel.

Mix Design

No particular target design parameters were established for the mix design used in the study.
Realizing that there could be room for error and confusion if different designs were used for
the 50- and 75-blow samples, a trial-and-error design was undertaken to find a mix that was
suitable for both the 50- and 75-blow series. The design was completed using a relatively new
Pine Instruments compaction hammer at the AMRL laboratory. The final mix design is
presented in Table 2.

All materials for the evaluation program were prepared and shipped by AMRL. The aggregate
for all samples came from the same lot of bulk material. The material was separated,
weighted and recombined into quantities for individual Marshall specimens. Each participating
laboratory received two shipments of material, one for each site visit. Each shipment included
nine individually wrapped portions of aggregate material, eight for the Marshall specimens
and one to “butter the bowl”, and a quart of AC-20 asphalt cement.

Details of the First Site Visit

The purpose of the first site visit was to, (1) inspect the site machine, (2) collect diagnostic
data on the machine using the calibration system, and (3) prepare uncalibrated specimens.
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Table 1. Participating laboratories,

# Organization/Agency Location Contact

1 AASHTO Materials Reference Gaithersburg, Mr. Peter Spellerburg
Laboratory (AMRL) Maryland

2 Federal Highway Administration, McLean, Mr. Kevin Stuart
Turner Fairbanks Research Center Virginia

3 Maryland State Highway Greenbelt, Mr. Milt Sirnms
Administration Maryland

4 II Brooklandville, Mr. Bob Voelkel
Maryland

5 to Hancock, Mr. Larry Michael
Maryland

6 10 Easton, Mr. Gary Dolin
Maryland

7 Virginia Department of Culpepper, Ms. Kathy Jefferson
Transportation Virginia

8 !1 Richmond, Mr. Joe Love
Virginia

9 West Virginia Department of Fairmont, Mr. Robert Wolfe
Transportation West Virginia

10 II Weston, Mr. Dave Kraus

West Virginia

11 Delaware Department of Dover, Mr. Delmar Dudasik
Transportation Delaware

12 Washington, District of Columbia, Washington, D.C. Mr. Ignat V. Kalcheff

Department of Public Works
L

Tasks were completed in that order. Presented below is a description of the procedure
followed during the first visit.

1. Upon arrival, the NIST/AMRL team placed their eight Marshall molds in the site oven
to be warmed. All ovens were checked to be sure they were at the correct temperature
as outlined in the instructions to the laboratories.

2. As the molds were being heated, the team inspected the Marshall hammer, noting the
manufacturer and approximate age, checked for conformance with AASHTO T-245
and noted any defects or obvious problems with the machine. Polaroid photographs
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Table 2. Asphalt mix design.

Aggregate
Asphalt Cement

Size (mm [in]) Mass (g)

19 (3/4)

12.7 (1/2)

9.5 (3/8)

No. 4

No. 8

> No. 8

Filler

120

130

185

165

170

370

45

55 g AC-20;
4.4% by weight

were taken of the machine.
3. The NIST/AMRL team collected diagnostic data on the compaction hammer using the

calibration system. Three sets of data were recorded with the device oriented in the 4-,
8-, and 12- o-clock positions, with sets consisting of 70 blows each. This is similar to
the calibration procedure outlined in Appendix A, with the only change being that 70
blows were delivered to the device, and not 75. The 70 blow data set is a carry-over
from the original study (Shenton, et al, 1994), where the focus was on calibrating for a
50-blow Marshall.

For each set of data the average and standard deviation of peak force, average and
standard deviation of impulse, and the cumulative impulse at 50 and 75 blows were
recorded. Since only 70 blows were recorded, the cumulative impulse at 75 blows was
computed by multiplying the average impulse for the data set times 75, rather than
reading the value off the report. This procedure was found to give accurate results
when verified for the 50 blow cumulative impulse.

4. In preparation for mixing the actual specimens, the site technicians prepared the
“butter batch”, using the extra material supplied. Site technicians then made the eight
uncalibrated Marshall specimens, four using 50 blows per side and four using 75
blows per side.

5. The NIST/AMRL team departed after the last specimen was compacted, taking with
them all eight specimens. Specimens were returned to AMRL for immediate testing to
determine height, air voids, stability, flow and bulk specific gravity.

Determination of the Standard Cumulative Impulse

After completing the first series of site visits the diagnostic data was compiled and analyzed,
and used to establish the standard cumulative impulses (1~0,ITS),which were needed for the
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second series of site visits. The standard 50-blow cumulative impulse (1~0)was taken as the
average 50-blow cumulative impulse from the twelve machines. Likewise, the standard 75-
blow cumulative impulse (ITS)was taken as the average 75-blow cumulative impulse from the
twelve machines.

Details of the Second Site Visit

The purpose of the second visit was to, (1) calibrate the site compaction hammer, and (2)
make calibrated specimens. The tasks were completed in that order. Presented below is a
detailed description of the procedure followed during the second site visit.

1. Upon arrival, the NIST/AMRL team placed their eight Marshall molds in the site oven
to be warmed. All ovens were checked to be sure they were at the correct temperature
as outlined in the instructions to the laboratories.

2. The NIST/AMRL team calibrated the site compaction hammer in accordance with the
procedure outlined in Appendix A, with the exception of the following change. As
before, 70 blows were delivered to the device, and not 75. The team determined the
calibrated blow counts (N~O,NT~)for that particular machine.

3. In preparation for mixing the actual specimens, the site technicians prepared the
“butter batch”, using the extra material supplied. Site technicians then made the eight
calibrated Marshall specimens, four using NT~blows per side and four using N~Oblows
per side.

4. The NIST/AMRL team departed after the last specimen was compacted, taking with
them all eight specimens. Specimens were returned to AMRL for immediate testing to
determine height, air voids, stability, flow and bulk specific gravity.

Analysis of Results

Following completion of the site visits, the properties of the Marshall specimens were
compiled and summarized. The results were analyzed to establish the between-laboratory
variability of the uncalibrated and calibrated test results.
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CHAPTER 4. RESULTS AND DISCUSSION

Introduction

Results of the field evaluation study are presented in the following. A brief description of the
twelve Marshall hammers used in the study is presented first. Observed variations in the
hammers that could potentially introduce scatter into the Marshall test data are discussed.
Next, a few problems that were encountered during the study are discussed. These problems
have to do with the design of the calibration device and should be addressed if refinements or
enhancements to the device are made in the future. This is followed by a summary of the
diagnostic data and the determination of the standard cumulative impulses. The results of
calibration are then discussed, followed by the presentation and discussion of the uncalibrated
and calibrated Marshall test results and between-laboratory variability.

Machine Inspections

Overall, the machines were well maintained and in good operating condition. Presented in
table 3 is a brief description of the twelve hammers. The table lists, for each site, the hammer
manufacturer, approximate age of the machine, drop height, mass of the entire hammer
assembly, a 1 to 5 rating of the general condition of the machine (5 being good), a 1 to 5
rating of the operating condition of the machine, and a comment section. General condition is
an assessment of the overall physical condition of the machine; operating condition is an
assessment of the mechanical operation of the hammer (i.e., does the machine run smoothly,
do the blows sound similar and are they repeatable, is the drop-height consistent). Some of
the differences found in the study machines that might contribute to variability of the
Marshall test results are discussed below.

The inventory included machines manufactured by Pine Instruments, Rainhart Co. and
Humboldt Manufacturing: nine of the twelve were manufactured by Pine Instruments. The age
of the machines varied from less than one, to over twenty years. Eight of the twelve are less
than five years old, with six of those being less than three years old.

During the first site visit, the drop height of each hammer was measured. Measuring the
height consistently and accurately, however, proved to be difficult. Each hammer design has
its own unique release mechanism which complicates the task. The drop height can be
measured for some machines with reasonable accuracy, while the machine is not operating,
but for others, the height can only be measured while the machine is operating. To be
consistent, the drop heights listed in table 3 were measured with the machines in operation. A
metal bar was used to mark the highest release point of the drop weight while the machine
was running, and the height of the mark was later measured. The heights listed in table 3 are
at best approximate, and are presented to illustrate the relative variation in drop height among
the machines. The heights varied from a low of 450 mm (17.7 in) to a high of 473 mm (18.6
in), or approximately *2.5% about the required height of 457 mm (18 in).

A possibly significant cause of variability in test results is the variation in the mass of the
drop weight and other hammer assembly components. The mass of the weight is specified in
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Table 3. Descri@ionof Marshall hammers used in the studv.. .

Drop
Weight of

Laboratory
Hammer Age

Height
Hammer General Operating

General comments; defects or problems
‘manufacturer ‘Yr) [mm] (in)

Assembly Condition Condition
[g] (lb)

AMRL Pine 2 458 (18,0) 8145 (18.0) 5 5 none

McLean Pine 1 458 (18.0) 8167 (18.0) 5 5 none

Greenbelt Pine 6 466 (18.3) 8176 (18.0) 4 3 pedestal split

Brooklandville Pine 20+ 450 (17.7) 8188 (18.1) 3 4 pedestal split; heavy wear; double thick
pedestal plate; slower than other machines

Washington, DC Humboldt 12 457 (18.0) 7816 (17.2) 3 4 column loose on pedestal

Hancock Humboldt 5 451 (17.8) 7799 (17.2) 4 4 none

Fairmont Pine 3 457 (18.0) 8204 (18,1) 5 5 used very infrequently over 3 years (like
new)

Weston Pine 3 466 (18.3) 8198 (18.1) 5 5 used very infrequently over 3 years (like
new)

Culpepper Pine 1 460 (18.1) 8153 (18.0) 4 5 nearly new but heavily used

Richmond Pine 1 460 (18.1) 8133 (17.9) 4 3 supported on concrete slab (large enough to
2 hammers) over rubber pad

Easton Rainhart 5 467 (18.4) 7493 (16.5) 4 4 rarely if ever used (like new); faster than
other machines

Dover Pine 20+ 473 (18.6) 8328 (18.4) 3 4 split pedestal; double thick pedestal plate



AASHTO T-245 as 4536 g [10 lb]; however, perhaps equally important are the masses of the
other components of the hammer assembly (tamping foot, shaft, etc), which are not specified
in the standard. The weight of the entire hammer assembly was recorded for the field study
and is presented in table 3. The mass of the drop weight was not recorded since this would
have required dismantling the hammer assembly. There was considerable variation in the
weight of the hammer assemblies in the inventory, ranging from a low of 7493 g (16.5 lb) to
a high of 8328 g (18.4 lb).

The mass of the other components may have a significant affect on the compaction process,
for the following reason. During a hammer blow, the drop weight impacts the tamping foot,
which in turn causes the sample to densify. The mass of the tamping foot, and perhaps a
portion of the mass of the other hammer components, is involved in the dynamics of the
hammer blow. A simple dynamic analysis will show that for a given drop weight and drop
height, the initial velocity of the tamping foot will be greater for a tamping foot with lower
mass. The extent to which the mass of the other components participate in the compaction
process depends on the details of the connection of the tamping foot to the shaft, which varies
from one hammer design to the next.

The blow interval, or time between blows, was generally consistent among the machines. On
average, a typical mechanical hammer delivers a blow about once every second. One
machine, however, had a very long blow interval, on the order of 1.5 seconds, while another
had a very short blow interval, on the order of 0.75 seconds. The blow interval may or may
not have an affect on the compaction process, for two reasons. First, a hammer with a longer
blow interval may be supplying additional smaller blows after the initial blow, because of
bouncing (a bouncing or “ring-down” phase can be heard in some machines with a long blow
interval), A machine with a shorter blow interval may pick up the drop weight for the next
blow, before it has had a chance to deliver additional, smaller blows because of bouncing.
Second, the overall time required to complete the compaction process will be longer for a
machine with a longer blow interval, which may result in greater heat loss. For example,
assuming it takes thirty seconds to rotate the sample for the second series of blows, it will
take approximately 2.4 minutes to prepare a 75-blow Marshall specimen in a machine that
blows every 0.75 seconds. It will take approximately 4.3 minutes to prepare the same sample
in a machine that blows every 1.5 seconds. The extra two minutes required to prepare the
sample in the second machine may be sufficient time to reduce the temperature of the sample
enough to have an effect on the results. This effect should be studied further.

According to AASHTO T-245, the steel plate for the pedestal shall have dimensions 304.8
by 304.8 by 25.4 mm (12 by 12 by 1 in). Two of the machines had double thick steel
plates (i.e., 50.8 mm (2 in) thick). This would increase the mass of the pedestal by
approximately by 18 kg (40 lb), which could have an effect on the compaction process, as
described in Shenton, et al (1994).

A variety of methods for attaching the steel plate to the pedestal were also noted. Some
designs use lightweight angles and screws to secure the plate to the wooden pedestal. Others
use heavier angles, lag bolts, and a threaded rod through the pedestal to secure the plate.
There are illustrated in figure 7. Similar details are used at the base of the pedestal to connect
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the angles that anchor the machine to the foundation (figure 1.). The concern here is whether
the steel plate is actually bearing on the pedestal. Ideally, the load should be transferred
through the plate and into the pedestal by bearing only. However, some pedestals show little
or no evidence of bearing on their top or bottom surface when the steel plate is removed,
which indicates that the load is not being transferred by bearing, but through the bolts and/or
threaded rod. This may vary the effective stiffness of the pedestal which may affect the
compaction process (Shenton, et al, 1994). The same is true for the pedestal bearing on the
support foundation.

It is not clear whether splits or cracks in the hammer pedestal affect the compaction process,
but several of the pedestals in the field study were split. Some pedestals are constructed by
laminating or nailing several boards together to achieve the specified dimensions. Based on
field observations, pedestals of this construction tend to delaminate and open at the board
joints.

A variety of foundation support systems were encountered. All hammers were located on the
first floor of the buildings that housed the machine, and in only one case was there a
basement or crawl space below the first floor of the building. Six of the twelve machines
were bolted directly to a concrete slab on grade. Four were secured to a concrete pedestal that
was anchored or simply rested on the floor of the building. The concrete pedestals ranged in
thickness from 50 to 220 mm (2 to 8.5 in). In plan, the concrete pedestals ranged from just
slightly larger than the footprint of the machine, to large enough to hold two or three
machines. Two machines were secured to concrete pedestals, which in turn rest on a pad (-25
mm [1 in]) of dense plastic or rubber.

The affect of variations in the foundation stiffness was studied in Shenton, et al (1994) and
shown to have little effect on Marshall test results. Except for the two machines that are
supported on pads, the variations in foundation observed in the field were not expected to
influence the Marshall test results. However, for the machines supported on pads, the concrete
slab on which they are bolted is, in effect, isolated from the floor and may influence the
compaction process.

Problems Encountered During the Site Visits

A few problems were encountered during the field study that suggest possible changes or
modifications to the calibration device. The problems are discussed below.

The calibration device, as designed, was intended to be used with any Marshall hammer,
regardless of the manufacturer. Until the field study, however, the device had been tested in
only two hammers, a new machine manufactured by Pine Instruments and a very old machine
manufactured by Rainhart Co. Two problems were encountered while using the device in the
Humboldt machines in the study inventory. First, the current calibration device is
approximately 5 mm (0.2 in) too high to fit easily into the Humboldt machine. Humboldt
machines uses an “arm” with a square pin to secure the hammer in the machine. Thus, there
is limited clear distance between the top of the pedestal and the arm for the calibration device
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and hammer assembly. This is shown in figure 8. The problem was overcome in the field
study by cutting 5 mm (0.2 in) off of the length of the Humboldt hammer. This modification
was not as difficult or damaging as it might seem. The hammer uses a short section of square
tube, bolted to the top of the shaft, as the key hole for the pin that holds the hammer in place.
A section of old tube from an abandoned hammer was cut shorter and mounted to the
hammer used in the study. The calibration device and hammer then fit into the machine and
operated without additional problem. After completion, the original tube was replaced on the
hammer shaft.

The second problem dealt with the mechanism for keeping the mold or device centered on the
Humboldt pedestal. Referring to figure 9, the Humboldt design uses a single pin in the center
of the pedestal and a mating hole in the mold base. The Pine and Rainhart machines use three
pins in the pedestal around the circumference of the mold base. The calibration device was
designed to take advantage of the three-pin design and does not have a mating hole for the
Humboldt pedestal. Without additional restraint, the device had a tendency to “walk” around
the pedestal as the blows were delivered in the Humboldt machine. To overcome this problem
in the field study, the calibration device was gently held in place by hand while the Humboldt
machine was in operation.

The final problem encountered deals with the assembly detail of the calibration device. The
current design relies solely on thread adhesive to keep the device together, and to maintain
the small preload on the springs and force transducer (see figure 3). The device was
assembled at the start of the field study with a medium grade thread adhesive. This grade of
adhesive proved to be adequate in all previous testing with the device, but not for the field
study. At the fifth site (Hancock, Maryland) in the first series of visits, after collecting two
sets of seventy-blow data, the calibration device came loose and lost its preload. The device
could not be used after this happened because the preload is essential for the proper operation
of the device and affects the calibration of the force transducer. The visit was not a complete
loss, the site machine was inspected and the uncalibrated Marshall specimens were made as
originally planned. Two other site visits, already scheduled during that sequence of trips, were
similarly affected.

The research team had to return to the laboratory to reassemble the device before continuing
with the first site visits. There, the device was reassembled with the highest grade thread
adhesive available, the device load cell was recalibrated and the spring stiffness measured.
Site visits were resumed and work proceeded as planned.

To complete the sample set of diagnostic data, one member of the research team returned to
Hancock, and the other two sites scheduled during that trip (Fairmont, West Virginia and
Weston, West Virginia) and collected new diagnostic data. It should be pointed out that the
integrity of the diagnostic data collected prior to the first visit to Hancock could be
questioned, because of the unknown state of the device during those visits. That is, the device
could have been slowly loosening, which would have affected the data, and only finally come
apart during the Hancock visit. Although it was not possible to visit all the other sites again,
new diagnostic data was collected at the AMRL site.
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For the remainder of the study, which included nineteen site visits, seven to complete the first
series and twelve in the second series, the calibration device remained together. Nearly four
thousand blows were delivered to the device during that time.

This problem was not totally unexpected and was noted as a potential problem in the
conclusions of the original report on the calibration system (Shenton, et al, 1994). A higher
grade thread adhesive may be a satisfactory solution, but a more robust mechanism for
holding the device together is needed. The other two problems mentioned can be easily
addressed with slight modifications to the calibration device. The height of the device can be
reduced by reducing the thickness of one or more parts; for example, the base, bottom sleeve
and top plate (see figure 3). A centering hole for Humboldt machine can be provided by a
simple insert. Any such modifications would require a design review to check for possible
over stress or interference of the device parts.

Summary of Diagnostic Data and Determination of the Standard Cumulative Impulses

Diagnostic data were collected at each site during the first site visit, compiled and used to
establish the standard cumulative impulses. At each site, three sets of data were collected,
with the device in the 4-, 8-, and 12- o-clock positions. Data sets consisted of 70 blows each.
The average peak force, average impulse, cumulative impulse at 50 blows, and cumulative
impulse at 75 blows were then determined for each of the 3 data sets. An overall average and
standard deviation of these quantities was then computed for the site, based on the individual
data set averages and cumulative impulses. These results are presented in the top half of table
4 for the twelve sites. These statistics correspond to the within-laboratory variability of
diagnostic data.

Summary statistics are presented at the bottom of table 4, i.e., these are the average, standard
deviation, coefficient of variation (standard deviation divided by the average, times one-
hundred), minimum, and maximum of the 12 site averages. The summary statistics correspond
to the between-laboratory variability of diagnostic data.

Machine variability is clearly evident from the results shown in bottom of table 4. The
average peak force, for example, ranges from a low of 47.1 kN (10.6 kip) to a high of 71.2
kN (16.0 kip). The between-laboratory coefficient of variation for peak force is approximately
10%; the within-laboratory coefficient of variation, on the other hand, is on the order of 3 to
470 for most sites. There is less variability, however, in the between-laboratory average
impulse. The coefficient of variation in that case is approximately 690, and the corresponding
within-laboratory coefficient of variation is less than 1910.

The variability in cumulative impulse is not as large as it is for peak force. The coefficient of
variation for the 50-blow cumulative impulse is approximately 670; the coefficient of variation
for the 75-blow cumulative impulse is approximately 5%.

Presented in figure 10 are force time histories for the twelve machines. Each time history is
the average of seventy blows for that particular machine, recorded with the calibration device
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Table 4. Summary of diagnostic data from Marshall compaction hammers

Laborato~

AMRL

McLean

Greenbelt

Brooklandville

Washington, DC

Hancock

Fairmont

Weston

Culpepper

Richmond

Easton

Dover

Average

Standard Deviation

C.o.v. (%)

Minimum

Maximum

Peak Force
(m)

Ave

71.2

64.5

63.6

59.4

59.7

68.1

60.5

68.9

65.4

56.9

47.1

60.5

62.2

6.4

10.2

47.1

71.2

Dev

1.6

2.9

4.4

6.5

0.5

1.0

3.1

1.6

2.1

1.1

0.7

2.0

2.3

1.7

0.5

6.5

Impulse
(N-s)

Ave

22.5

22,2

19.2

22.5

24.1

22.5

22.6

23.4

21.0

22.2

20.7

22.5

Dev

0.1

0.2

0.4

0.4

0.2

0.3

0.2

0.1

0.2

0.1

0.7

0.2

Cumulative Impulse at
50 blows (N-s)

Ave

1126

1109

962

1126

1205

1123

1132

1169

1052

1112

1042

1123

Between-Laboratory Statistics

22.1

1.3

5.8

19.2

24.1

0.2

0.2

0.1

0.7

1107

63

5.7

962

1205

Dev

9

3

25

17

9

13

8

0

11

8

40

9

I

13

11

0

40

Cumulative Impulse at
75 Blows (N-s)

Ave

1688

1662

1443

1688

1696

1685

1697

1752

1577

1667

1555

1684

I
1649

84

5.0

1443

1752

Dev

9

10

33

26

20

19

12

3

15

10

52

15

19

13

3

52



oriented in the 8 o’clock position on the pedestal. The time histories are similar in their
general shapes and durations, but they do have subtle differences. The time history is
characterized by a primary pulse, followed by a “ring-down” phase that has any oscillatory
shape. A negative (tensile) force in the ring-down phase is possible because of the
compression preload in the device. On average, the primary pulse has a duration between 0.6
and 0.7 rnilli-seconds. The primary pulses for several of the machines manufactured by Pine
Instruments have very similar shapes; the pulse has a sharp initial rise and fall, with a plateau
on the falling side of the primary pulse before the first zero crossing. The average time
history for Easton, Maryland is unique, compared with the others: the Easton machine was the
only one of its type in the inventory. Although obvious differences exist, the 50- and 75-blow
cumulative impulses for the twelve machines are reasonably consistent. This is most likely
because the cumulative impulse is based on the sum of the integrated areas (from the start of
the initial pulse to the first zero crossing) under numerous time histories, and consequently,
small differences in time histories have little affect on the cumulative impulse.

Standard 50- and 75-blow Cumulative Impulse

The standard 50- and 75-blow cumulative impulses were selected based on the summary
averages presented in table 4, i.e.:

standard 50-blow cumulative impulse -150 = 1100 N-s (247 lb-s)
standard 75-blow cumulative impulse - ITS= 1650 N-s (371 lb-s)

Dividing I~oby the average impulse for the twelve machines (22.1 N-s [4.97 lb-s]) yields 50
blows, after rounding. Similarly, dividing ITj by the average impulse yields 75 blows, after
rounding.

Before beginning the second series of site visits, a projected calibrated blow count was
computed for each of the twelve sites. The projected calibrated blow count was determined as
it would be during normal calibration, using the summary reports from the diagnostic data.
The results are presented in table 5. The projected calibrated blow count was used as a cross
check on the consistency of the machine and calibration system, and to provide insight into
the range of calibrated blow counts expected during the second visits.

The projected calibrated blow counts ranged from 45 to 57, for the 50-blow series, and from
68 to 85 for the 75-blow series. Note that the distribution of projected blow counts is biased
toward the low end, with nine of twelve sites below the average of 50 and 75, respectively.
The skew is due in part to the projected calibrated blow counts for the Greenbelt site.
Referring to table 4, the average impulse for Greenbelt is, for some reason, much lower than
the average impulse for the other sites, which resulted in much larger projected calibrated
blow counts for Greenbelt. The values are more symmetrically distributed about the mean
when the projected calibrated blow counts for Greenbelt are excluded. Note that Greenbelt
was the last site visited prior to the calibration device coming apart at Hancock, and therefore,
as mentioned previously, the diagnostic data (i.e., average impulse) for that site may be
suspect.
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Table 5. Projected calibrated blow counts

Projected N~O Projected NT~
Laboratory (based on 1,0= 1100 N-s) (based on ITS= 1650 N-s)

AMRL 48 73

McLean 49 74

Greenbelt 57 85

Brooklandville 48 73

Washington, DC 45 68

Hancock 48 73

Fairrnont 48 72

Weston 46 70

Culpepper 52 78

Richmond 49 74

Easton 52 79

Dover 48 73

Statistics

Average 49.2 74.3

Standard Deviation 3.2 4.5

Minimum 45 68

Maximum 57 85

Results of Calibration

Calibration of the machines proceeded without problem during the second site visits. The
machines were calibrated according to the procedure outlined in Appendix A, with the
exception that seventy blows were recorded for each data set, and not seventy-five. Two
calibrated blow counts were determined for each machine, one corresponding to 1~0= 1100 N-
S, and one corresponding to ITS= 1650 N-s. Results of calibration are presented in table 6.

The calibrated blow counts ranged from 46 to 53, for the 50-blow series, and from 69 to 80,
for the 75-blow series. The spread of calibrated blow counts was not as broad as projected
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Table 6. Calibrated blow counts

N50 N75
Laboratory (based on 1~0= 1100 N-s) (based on ITS= 1650 N-s)

AMRL 47 72

McLean 47 71

Greenbelt 53 80

Brooklandville 52 78

Washington, DC 46 69

Hancock 47 72

Fairmont 47 72

Weston 47 71

Culpepper 50 76

Richmond 46 69

Easton 51 77

Dover 48 73

Statistics

Average 48.4 73.3

Standard Deviation 2.4 3.6

Minimum 46 69

Maximum 53 80

from the diagnostic data, or perhaps as originally expected before the study began. Comparing
the actual to the projected calibrated blow counts, some differences are apparent. The actual
calibrated blow count was within one or two blows of the projected, for nine of twelve sites,
for the 50-blow series, and eight of twelve sites for the 75-blow series.

The difference between the projected and actual calibrated blow at some sites could be
attributed to several factors. The projected blow counts for four sites, McLean, Greenbelt,
Brooklandville and Washington, were based on diagnostic data recorded be@-e the calibration
device came apart at Hancock, As previously discussed, it is possible that the device had
already begun to loosen during these earlier visits and only fully loosened during the visit to
Hancock. A gradual loosening of the device would have an affect on its output, and
consequently, the projected calibrated blow count. The agreement between the projected and
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calibrated blow count is reasonably good, for the rest of the inventory of machines, with the
exception of Richmond. A possible explanation for the Richmond case is that routine
maintenance had been completed on their machine between visits. Because the maintenance
was completed by the agencies equipment maintenance personnel, and not the laboratory
technician, the extent of the maintenance was unknown.

Uncalibrated and Calibrated Test Results

Test results for the uncalibrated and calibrated specimens are presented in tables 7 through
10. The average and standard deviation of stability, flow, air voids and height, for the four
replicate specimens and a given test configuration, are presented in the top half of these
tables. Note that results for bulk specific gravity are not reported, since the same maximum
theoretical specific gravity was used in all calculations for percent air voids.

Between-laboratory variability may be quantified in a number of ways. The most common
measures are standard deviation, variance (square of the standard deviation) and coefficient of
variation (standard deviation divided by the mean). Another measure is the range or spread in
the data. At the bottom of the tables 7 through 10 are the summary, or between-laboratory
statistics: average, standard, minimum, maximum and range (maximum minus minimum).
Note, these statistics are for the sample set that includes the average value of the respective
property, from all twelve sites (i.e., n = 12). The coefficient of variation (1s%), and 2.83
times the coefficient of variation (d2s%) are also presented at the bottom of tables 7 through
10 in percentage form. 1s% and d2s% are typically reported in the AMRL proficiency sample
program to measure the between-laboratory variability and are provided here for direct
comparison.

The essence of the results of the field evaluation study are summarized in table 11. Presented

. in the table are the standard deviation and range of the average uncalibrated and calibrated
results. Also presented is the ratio of the two variability measures; for example, standard
deviation of stability for the calibrated set, divided by the standard deviation of stability for
the uncalibrated set. The effect of calibration is easily interpreted from the ratio of the two
measures. Ratios less than one indicate a reduction in variability of the calibrated results,
whereas ratios greater than one indicate an increase in variability of the calibrated results,
relative to the uncalibrated results. Results for the 50-N~0 blow series are presented in the top
half of the table, results for the 75-NT~ blow series are presented in the bottom half of the
table.

Overall, calibration of the Marshall hammers did not significantly reduce the variability of the
test results in the field evaluation study. The variability was reduced in some tests, but not in
others. Comparing the 50-N~0 sets, calibration reduced the variability in the measurement of
height: a fifteen percent reduction in standard deviation and an eleven percent reduction in
range of the results were achieved. However, the variability of the calibrated data increased
for stability, flow and air voids. The greatest increase was found in the measurement of flow.
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Table7. UncalibratedMarshalltestresults(50blowsDerside)..

Age Stability(N) Flow(0.25mm)
Laboratory

AirVoids(%)
Machhe

Height(mm) Blow
(Yr) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) Count

AMRL Pine 2 7677 560 8.2 0.58 5.46 0.20 64.67 0.18 50

Mclean Pine 1 6565 400 7.3 0.38 5.79 0.35 65.18 0.41 50

Greenbelt Pine 6 6587 383 7.7 0.85 6.10 0.29 65.28 0.28 50

Brooldandville Pine 20+ 6165 743 9.2 1.03 5.66 0.27 64.90 0.23 50

Washington Humboldt 12 7820 1170 8.0 1.09 4,90 0.14 64.16 0.25 50

Hancock Humboldt 5 5760 209 8.2 0.47 5.93 0.36 65.02 0.25 50

Fairmont Pine 3 6721 623 7.1 0.15 5.59 0.07 65.48 0.51 50

Weston Pine 3 6552 529 7.2 0.15 5.79 0.21 65.51 0.43 50

Culpepper Pine 1 6805 605 7.6 0.64 5.16 0.45 64.57 0.33 50

Richmond Pine 1 6236 356 7.3 0.36 5.30 0.10 64.14 0.69 50

Easton Rainhart 5 6205 525 7.9 0.50 5.76 0.22 65.07 0.18 50

Dover Pine 20+ 6934 663 7.3 0.43 5.36 0.20 64.69 0.15 50

Between-LaboratoryStatistics



Table8. CalibratedMarshalltestresults(N,.blowsperside)...

Age Stability(N) Flow(0.25mm) AirVoids(%) Height(mm)
Laboratory Machhre

Blow

(Yr)
(Ave) (Dev) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) Count

AMRL Pine 2 7401 423 7.6 0.46 5.69 0.06 64.85 0.18 47

Mclean Pine 1 6049 569 7.5 0.76 5.71 0.14 65.48 0.41 47

Greenbelt Pine 6 6979 583 8.2 0.75 5.39 0.18 64.69 0.20 53

Brooklandville Pine 20+ 6917 543 8.3 0.58 5.71 0.35 64.80 0.25 52

Washington Humboldt 12 7699 636 8.1 0.50 4.98 0.22 64.52 0.58 46

Hancock Humboldt 5 5978 338 9.1 0.72 6.24 0.26 65.10 0.25 47

Fairmont Pine 3 5306 262 6.7 0.13 6.16 0.27 64.39 0.18 47

Weston Pine 3 6761 409 8.4 1.20 5.51 0.13 65.28 0.61 47

Culpepper Pine 1 7668 685 8.4 0.57 4,94 0.15 64.26 0.20 50

Richmond Pine 1 5827 356 8.6 0.88 5.46 0.33 64.49 0.41 46

Easton Rainhart 5 7375 565 10.0 0.21 5.95 0.44 64.95 0.41 51

Dover Pine 20+ 6681 249 7.6 0.77 5.52 0.18 65.28 0.18 48

Between-LaboratoryStatistics



Table9. UncalibratedMarshalItestresults(75bIowsperside),

Age Stability(N) Flow(0.25mm) AirVoids(%) Height(mm)
Laboratory Machine B1OW

(yr) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) Count

AMRL Pine 2 8322 423 8.1 0.14 4.88 0.34 64.16 0.38 75

Mclean Pine 1 7072 489 7.3 0.00 4.99 0.38 64.08 0.53 75

Greenbelt Pine 6 7615 1308 7.3 0.72 5,59 0.31 65.02 0.43 75

Brooklandville Pine 20+ 7606 2357 7.9 0.85 5.10 0.23 64.39 0.25 75

Washington Humboldt 12 8811 863 7.7 0.74 4.33 0.20 63.50 0.66 75

Hancock Humboldt 5 6934 298 8.3 0.57 5.48 0.33 64.49 0.36 75

Fairmont Pine 3 6636 311 6.8 0.21 5.47 0.30 64.08 0<43 75

Weston Pine 3 6503 525 7.2 0.52 5.68 0.22 65.00 0.46 75

Culpepper Pine 1 8473 810 8.0 0.71 4.59 0.26 64.01 0.36 75

Richmond Pine 1 7886 716 7.8 0.78 4.77 0.17 63.88 0.46 75

Easton Rainhart 5 7895 489 8.3 0.13 5.20 0.36 64.49 0.33 75

Dover Pine 20+ 7379 592 7.3 0.34 4.78 0.22 64.11 0.23 75

Between-LaboratoryStatistics
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Table10.CalibratedMarshalltestresults(N,,blowsper side)..

Age Stability(N) Flow(0.25mm) AirVoids(%) Height(mm)
Laboratory Machine Blow

(Yr) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) (Ave) (Dev) Count

AMRL Pine 2 8727 583 7.1 0.22 4.93 0.12 64.36 0.33 72

Mclean Pine 1 7784 583 7.5 0.79 4,82 0.19 64.44 0.23 71

Greenbelt Pine 6 7864 756 7.7 0.39 5.11 0.16 64.49 0.20 80

Brooldandville Pine 20+ 8389 818 8.1 0.44 5.12 0.25 64.72 0.51 78

Washington Humboldt 12 9083 707 8.2 0.37 4,30 0.22 63.78 0.25 69

Hancock Humboldt 5 7348 810 8.9 0.51 5.64 0.19 64.52 0.13 72

Fairmont Pine 3 6730 489 6.7 0.03 5.43 0.36 63.53 0.56 72

Weston Pke 3 8545 721 8.0 0.26 5.00 0.26 64.16 1.17 71

Culpepper Pine 1 9096 632 8.3 0.42 4.33 0.08 63.78 0.41 76

Richmond Pine 1 7055 1472 8.6 1.20 5.33 0.73 64.21 0.56 69

Easton Rainhart 5 7575 1005 9.2 0.76 5.35 0.57 64.49 0.38 77

Dover Pine 20+ 7037 703 6.7 0.30 5.17 0.25 64.92 0.08 73

Between-LaboratoryStatistics



Table11.Comparisonof variabilityofuncalibratedandcalibratedtestresults(all 12sites)

Stability(N) Flow(0.25mm) AirVoids(%) Height(mm)

Dev Range Dev Range Dev Range Dev Range

I 75- N7~blowseries I



Similar results were noted for the 75-NT~ blow sets. Calibration reduced variability in the
measurements of height and air voids. The reduction for height was on the order of seven to
eight percent.

Although the overall variability was rmt reduced, calibration reduced the variability in the
measurement of height in both the 50-N~0 and 75-NT~ sets. This is significant because the test
to measure height is the simplest of those conducted on the compacted sample. Any
additional variability introduced in measuring height is most likely small, compared to that for
stability, flow and air voids, since measuring these parameters requires other complicated
equipment, or several steps and intermediate measurements to obtain the final measurement.
Consequently, height is the most direct measure of the compaction process and machine
differences.

In light of the results obtained, the raw data and procedures for the study were reexamined in
detail for possible problems or inconsistencies that might explain the marginal reduction, and
even increase in variability of the calibrated test results. Two potential problems were
uncovered that could have affected the outcome of the results. These are discussed below.

There is evidence that the data obtained from the Fairmont site are flawed and should be
excluded from the statistical analysis. Referring to table 2, the theoretical dry air mass of the
compacted Marshall specimen is 1240 g. Allowing for some loss, the actual mass would be
expected to be between 1230 and 1240 g. The average dry air mass of all the samples (196
total) was 1230.5 g (2.71 lb), with a standard deviation of 8.9 g (0.02 lb). The dry air masses
of many of the calibrated specimens prepared at Fairrnont, however, were extremely low:
eight were less than two standard deviations below the grand average (i.e., less than 1212.7 g
[2.67 lb]), and four were less than three standard deviations below the study average (i.e., less
than 1203.8 g [2.65 lb]). Only two other specimens in the entire study fell below the two
standard deviation level. Furthermore, one uncalibrated specimen from Fairmont had a dry air
mass more than three standard deviations above the grand average. The cause of the problem
is not known, however, one possibility is a faulty scale. The effect on the Marshall test
results, however, is fairly significant. In reviewing the test data (table 7 through 10), the
results for Fairrnont are consistently at or near the extreme in every case. Based on this
information, the data from Fairmont can, with reasonable certainty, be regarded as suspect
and excluded from the statistical analysis. Results of the analysis, excluding the uncalibrated
and calibrated data from Fairmont (i.e., eleven sites only), are shown in table 12.

The variability of the calibrated test results, excluding the data from Fairmont, is in general
smaller than it is for the full data set and is also reduced relative to the uncalibrated results.
Comparing the results in tables 11 and 12, all of the variability ratios for the 50-N~0 sets are
reduced, except one that is unchanged, and three out eight ratios are less than one. The
reduction in variability of the height measurement is about the same, and there is a nine
percent reduction in the range of the results for stability. The effect of eliminating the
Fairmont data is similar on the 75-NT~ results. In this case, five out of eight variability ratios
are less than one. The reductions range from 1 to 25 percent.

42



Table12,Comparisonof variabilityof uncalibratedand calibratedtest results (all 12 sites,excludingFairmont)
I I I I I

I 75- N,~blowseries I

Table13.Comparisonof variabilityof uncalibratedand calibratedtest results(all 12sites. excludinizFairmOnt.Culuepperand Richmond). . .

Stability(N) Flow(0.25mm) Air Voids(%) Height (mm)

Dev Range Dev Range Dev Range Dev Range

I 50- N.. blow series I

I 75- N,, blow series I



One other problem was noted that could have affected the Marshall test results in the study.
All of the first site visits occurred in late winter during the construction slow-season.
Consequently, all of the machines were cold when the uncalibrated specimens were prepared.
The second site visits occurred in early spring, at the beginning of the construction season,
when the laboratories were just beginning to use their Marshall equipment. No instructions
were given to the laboratories regarding the use their Marshall hammer on the day of the
scheduled visit; however, because of the time of the scheduled visit or the laboratories’ work
load, most of the site hamers were also cold at the start of their second site visit. This was
not the case for the Culpepper and Richmond sites. Upon arriving at these two sites, it was
noted that the machines had been in use for some period of time earlier in the day. The
hammer at Richmond had delivered approximately 1000 blows, while the hammer at
Culpepper had delivered about 1500 blows. The extent to which this could affect the outcome
of calibration and preparation of the calibrated Marshall specimens is not clear; however, the
environment and state of the Marshall hammer was not consistent with that of the other sites,
or consistent with the conditions encountered at these sites during the first visit. Based on this
information, the data from Culpepper and Richmond can also be regarded as suspect and can
be excluded from the statistical analysis. It should be emphasized that the data has not been
excluded based on a formal statistical analysis of the results, in fact, upon review, the data
from Culpepper and Richmond appears to be well within the distribution of the sample set.
Rather, the data is being excluded because the conditions encountered during these two visits
were not consistent with those of the other 22 site visits.

Results of the statistical analysis, excluding data from Fairmont, Culpepper and Richmond are
shown in table 13. Again, the data from Fairmont, Culpepper and Richmond was excluded

from both the calibrated and the uncalibrated data sets, leaving just nine sites.

With the three data sets excluded, the effect of calibration is more pronounced. Comparing
the results in table 11 with the results in table 13, the standard deviation and range of the
calibrated results are smaller than they are for the corresponding full data set. In contrast, the
standard deviation and range of the uncalibrated results are generally equal to or greater than
they are for the corresponding full data set. Consequently, the variability ratios are reduced
for both the 50-N~0 and 75-NT~ data sets. Five out of eight variability ratios for the 50-N~0
results are less than one: reductions range from 3 to 28 percent. Six out of eight ratios are
less than one in the 75-Nv~ data set, with reductions ranging from 1 to 32 percent.

Discussion of the Results

The results of the field study presented here do not demonstrate the benefit of calibration as
dramatically as did the results of the laboratory evaluation program (Shenton, et al, 1994).
Although a slightly different procedure was used in the analysis of the data in the laboratory
program, the reduction in variability measured in that study was on the order of fifty percent,
for all the design properties. When the full data set is analyzed (table 11), the variability of
the calibrated data in the field study increased or decreased, depending on the property. The
results of calibration are clearly evident when the analysis is conducted on the reduced data
set, excluding possibly flawed data from three sites. In this case, the variability of the
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calibrated data in the field study in general decreased. The reductions range 1 percent to
about 35 percent. Some of the reductions obtained with the reduced data set are substantial;
however, they are still small compared with those obtained in the laboratory program.

One possible explanation for the marginal reductions obtained in the field study can be found
in the inventory of study hammers. Referring to table 3, the inventory of machines includes
nine hammers manufactured by Pine Instruments, two manufactured by Humboldt Co., and
one manufactured by Rainhart Co. Of the nine hammers manufactured by Pine instruments,
six are less than three years old, one is approximately six years old, and two are more than
twenty years old. Thus, half the sample population of hammers were from one manufacturer
and are just a few years old. These hammers were all in good operating condition and were
generally well maintained. One would expect these Marshall hammers to provide reasonably
consistent results, at least from the six or seven newer Pine hammers. Evidence to support
this can be found in table 7. The coefficient of variation (1s%) of stability for the 50-blow
series of uncalibrated specimens is approximately 970. This can be compared to the average
coefficient of variation for stability measured in the AMRL Proficiency Sample Program
(PCP) of approximately 20%. Similarly, the coefficient of variation for flow, air voids and
height of the 50-blow uncalibrated series are approximately 8%, 6% and 1~0. These can be
compared with the average coefficients of variation measured in the PCP of approximately
18%, 22% and 1.5%, respectively. These variabilities can not be directly compared because
there is additional variability in the PCP data due to operator and equipment variability that is
not in the field study data; however, the variability of the uncalibrated field data set was
clearly low to begin with. In other words, the sample population provided reasonably
consistent results to begin with, leaving limited room for improvement with calibration. A
formal statistical analysis of the between-laboratory variability of the uncalibrated test results
would determine if the variabilities were statistically significant or not, and therefore, whether
the effect of calibration could be measured in this particular data set or not.

In summary, the inventory of hammers used in the study may be atypical and may not be
representative of the variation in machines found in the field. As a result, the between-
laboratory variability of Marshall test results was low, even for specimens prepared using the
standard 50- and 75-blow procedures. Calibration did, however, reduce the between-laboratory
variability of Marshall test results when the analysis considered nine of the original twelve
sites.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

A system for calibrating the Marshall hammer has recently been developed at the National
Institute of Standards and Technology, in collaboration with the AASHTO Materials
Reference Laboratory. The calibration system is based on a spring-mass device with integral
force transducer, and high speed data acquisition system, The calibration system was
demonstrated recently in a laboratory evaluation program and shown to be effective in
reducing the variability of Marshall test results for bulk specific gravity, air voids, stability,
flow and height (Shenton, et al, 1994). A follow-up field evaluation study of the calibration
system has been conducted, and the results of this study have been presented in this report.

The objective of the field evaluation program was to compare the between-laboratory
variability of uncalibrated and calibrated Marshall test results, for specimens prepared using
“production” Marshall hammers. Twelve laboratories participated in the study. Uncalibrated
and calibrated specimens were prepared at each of the twelve sites. This included, for the
uncalibrated specimens, four 50- and four 75-blow replicate specimens, and for the calibrated
specimens, four N~O-and four NT~-blow replicate specimens. Stability, flow, air voids and
height were measured for each of the specimens. Results for the uncalibrated specimens and
calibrated specimens were compiled and the variability of the data sets established. The
variability of the two data sets were then compared to determine how effective the calibration
system and procedure were in reducing the variability of the test results.

Based on the results of the study the following conclusions are drawn:

1. The system and procedure for calibrating the Marshall compaction hammer were in
general, ineffective in reducing the between-laboratory variability of the test results in
the full data set, which included results from all twelve field sites. The variability of
the calibrated test results for stability, air
uncalibrated results; the variability of the
relative to the uncalibrated results.

2. The system and procedure for calibrating

voids and flow increased relative to the
calibrated test results for height decreased

the Marshall compaction hammer was
ej$ective in reducing the between-laboratory variability of the test results, in the
reduced data set. The reduced data set included results from nine sites; data from three
sites were eliminated in the statistical analysis because these results were believed to
be suspect or flawed, and may have affected the between-laboratory variability. The
variability of the calibrated test results decreased by as much as thirty percent, relative
to the uncalibrated results, when computed for the reduced data set. Further study
would be needed to determine if the reductions were statistically significant, or not.

3. The system for calibrating the MarshaIlcompaction hammer was effective in reducing
the variability of the measurement of height in both the full and reduced data sets. The
reduction was about 10 percent in the full data set, and about 30 percent in the
reduced data set. In that height is the simplest and most straight forward measure of
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the compaction process, one can conclude that the system and procedure have fulfilled
their intended purpose. Whether the reductions in variability that can be achieved with
the calibration system and procedure are practically or statistically significant is not
clear at this time.

4. The between-laboratory variability of the uncalibrated test results in the full data set
was low, relative to that observed or expected from a much larger sample of Marshall
test results (Dickey, 1992). The low variability is attributed to the sample population
of hammers used in the study: most of the hammers were of one type, of similar age,
and in generally good condition. Consequently, there was little margin for
improvement in the calibrated results, relative to the uncalibrated results. This is
submitted as a possible explanation for the marginal reduction in between-laboratory
variability of the calibrated results, relative to the uncalibrated, even in the reduced
data set. A formal statistical analysis of the uncalibrated test results would be required
to answer this question in more detail.

5. Estimates for the standard50- and 75-blow cumulative impulse have been established
based on the diagnostic data collected at the twelve field sites. These are:

I = 1100 N-S (247 lb-s)
~ = 1650 N-S (371 lb-s).

These values have been incorporated into a revised draft standmd
presented in Appendix A.

The field and laboratory evaluation programs have demonstrated that the
a viable and effective method for assessing the condition of the Marshall
The system is not only useful for calibration, but could be used to detect

for calibration that is

calibration system is
compaction hammer.
serious problems

with a mechanical hammer. Further, it has been demonstrated that calibration using an
adjusted blow count is a simple and practical approach to ensure that a standard compactive
effort is delivered to all specimens, regardless of slight variations in the equipment.

Recommendations

Future versions of the calibration device, or commercially produced systems, should be
modified to remedy a few problems encountered in the field evaluation program.
Recommended modifications include:

Develop a more robust mechanism for assembling the calibration device. The existing
design relies solely on thread adhesive between the assembly bolt and the top plate to
keep the device from vibrating loose after repeated blows. This proved to be
inadequate during the field study. A design that relies on some form of mechanical
anchorage is preferred.
The overall height of the calibration device (i.e., height of the top plate relative to the
base) needs to be reduced by approximately 6 to 8 mm. This can be achieved by
reducing the thickness of the base, sleeve and top plate.
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Develop an insert, or modify the device, so that it can be used with Marshall hammers
that have a single pin mold centering device (e.g., Humboldt design).

The calibration device was developed for Marshall hammers that have a flat foot, non-rotating
base and 102 mm (4 in) diameter mold. Although this is perhaps the most widely used type
of mechanical hammer in the country, there are other variations in use that cannot be calibrat-
ed with the current system. Other versions have a rotating base and a slightly tapered tamping
foot, run two or three abreast in tandem, or use a heavier drop weight (10 kg [22.5 lb]) and
larger mold (152 mm [6 in]). Further study and testing would be required to develop a
calibration system for these types of hammers. It is envisioned that the basic device would be
the same, however, substantial modifications to the existing calibration would be required to
accommodate these hammers. Other versions of the calibration system that are recommended
for further development include:

A system that can be used in a Marshall hammer with a tapered foot and rotating base.

A system for the 10 kg (22.5 lb) hammer and 152 mm (6 in) diameter mold.

Hammer related variables contribute to the variability of Marshall test results; however, other
factors may also contribute to the scatter in the data that, as of yet, have not been studied in
detail. Some of the factors include, for example, the method of mixing the sample (e.g., by
hand or using an automatic mixer), the compaction temperature, blow interval (as related to
compaction temperature) and mold preparation (i.e., how well the mold is cleaned between
uses). These factors are not specified in detail in AASHTO T-245, and based on observations
made during the field study could affect the test results. The effect of these factors on the
Marshall test results warrants further investigation.

The system and procedure for calibrating the Marshall compaction hammer have the potential
to affect the quality of hot-mix asphalt produced in the United States. This can only be
realized, however, if the necessary steps are taken to introduce and promote the system to the
user community. To this end, it is recommended that concrete steps be taken to, (1)
encourage commercial development of the calibration system, (2) promote the use of the cali-
bration system to state highway administrations, and (3) promote adoption of a national
standard for calibration of the Marshall hammer using the calibration system.
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APPENDIX A. PROPOSED AASHTO CALIBRATION STANDARD

Presented in this appendix is the draft standard for calibration of Marshall compaction
hammers. The draft standard is similar to the one originally presented in Shenton, et al,
(1994), except that values have been added for the standard 50- and 75-blow curnrnulative
impulse. The proposed standard has been formatted according to AASHZ12 guidelines, and
does not conform to the format or numbering of the remainder of this report.
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Proposed Standard Practice for
Calibrating Mechanical Marshall Compaction Hammersl

1. Scope

1.1 This practice addresses the calibrationof mechanicalcompactionhammers that are used in the test for R
resistance to plastic flow of bituminous mixtures using the Marshall apparatus T245.

1.2 The practice is limited to mechanical compaction hammers capable of applying an average peak force of at least
33 kN with a flat hammer foot and a non-rotating base. The practice is intended for single-hammer machines,
although it maybe applicable to dual- or triple-hammer machines under certain circumstances. It is the responsibility

of the user to establish the applicability of the procedure in those cases.

1.3 The values stated in S1 units are to be regarded as the standard.

1.4 This standurd may involve hazardous materials, operations, and equipment. This standard does not purport to

address all of the safety problems associated with its use. It is the responsibili~ of the user of this standard to

establish appropriate safe~ and health practices and determine the applicability of regulatory limitations prior to

use.

2. Reference Documents

2.1 AASHTO Standards

T245 Method of Test for Resistance to Plastic Flow of Bituminous Mixtures Using Marshall Apparatus

3. Terminology

3.1 Symbols

3.1.1 ml, mz, bz = calibration factors (slopel-mV/lcN, slopez-mV/kN, and intercep>-mV values) for the device force
transducer

3.1.2 V = device readout

3.1.3 K, = stiffness of the device spring assembly, kN/rnm

3.1.4 F = test machine applied load, kN

3.1.5 6 = displacement of the device top plate, nun

3.2 Description of Terms Specific to this Standard

3.2.1 Data Set - One of three ensembles of 75 or
procedure

100 force time histories recorded as part of the calibration

*This standard is based on research described in NISTIR 5338 and NISTIR XXXX (reference to this report).
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3.2.2 Peak Force; kN - The maximum force recorded for an individual blow

3.2.3 Average Peak Force; kN - The average of the peak forces for a data set

3.2.4 Impulse; kN-s - The integrated force time history for an individual blow

3.2.5 Cumulative Impulse; kN-s - The running sum total of the impulses as a function of blow count

3.2.6 Standard Cumulative Impulse; kN-s - The standard compactive effort, expressed in terms of cumulative

impulse, required for calibration (Usually a compactive effort equivalent to a 50 or 75 blow Marshall procedure is

specified.)

4. Summary of Calibration Procedure

4.1 Three data sets are recorded with the calibration device positioned in the machine at 12, 4, and 8 o’clock.

Seventy-five or one hundred blows are recorded per data set. The peak force and impulse is determined for each

blow of the compaction hammer.

4.2 The averagepeak force for eachdata set is obtainedto determineif the mechanicalhammer can be calibrated.

4.3 The cumulative impulse is computed for each data set and the number of blows required to deliver the specified

standard compactive effort is established for the device.

5. Significance and Use

5.1 The procedures described in this practice ~e used to determine the number of blows required for a given
mechanical hammer to provide a compactive effort equivalent to a standard 50- or 75-blow Marshall procedure as
described in T245.

5.2 The application of the calibration procedures described in this practice can greatly reduce the variability of tests
performed on Marshall test specimens prepared using different mechanical compactors.

6. Apparatus

6.1 Calibration Device - A calibration device as shown in Figure 1 and described in Annex Al.

6.2 Data Acquisition System - The data acquisition shall have, at a minimum, an 8-bit A/D converter and shall be
capable of sampling a single channel at a rate of at least 100,000 samples/s. The system shall have trigger and
storage capabilities such that multiple force time histories can be automatically captured and stored for subsequent

processing. The system shall be capable of storing a minimum of 100 sample time histories of 500 data points each.
Triggering shall be such that the start of the pulse is easily and clearly defined for any given time history. Software
or switch selectable gains are a desirable option.

Note 1-- The prototype system described in NISTIR 5338 included a portable “lunch box” 386 DX/33
with an 80 MB hard disk, one 1.44-MB floppy disk drive and 4-MB memory; a Keithley/Metrabyte,
Taunton, MA, Model DAS- 1402 high-speed analog input board; and Keithley/Metrabyte Taunton, MA,
STREAMER software, version 3.3, compatible with DAS- 1402.

6.3 Data Processing Software - The data processing software shall be capable of processing individual force time
histories to determine the peak force and impulse (impulse is defined as the area under the force time history between
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the start of the initial pulse and the first zero crossing). The software shall be capable of evaluating the average and

standard deviation of the peak force and impulse, for a sample set of up to 100 time histories.

Note 2-- The force time histories may be processed using custom-developed software. Appendix B of
NISTIR 5338 lists two programs written in Microsoft C5. 1 that were used with the prototype system.

7. Calibration and Standardization

7.1 Measure the stiffness of the device spring assembly at least once a year, or more frequently as use requires.
Determine the spring stiffness as described in Annex A2. The spring stiffness K, shall be 150 & 10 kN/mm.

7.2 Calibrate the device force transducer whenever any component of the data acquisition system is replaced, or

more frequently as use requires, but at least once a year. Determine the transducer calibration factors nzl,rnz,bz,
as described in Annex A3. These factors are needed to convert the analog output of the device to engineering units.

8. Procedure

8.1 Place the calibration device in the compaction machine and secure with the specimen mold holder. Position the
device in the machine such that the port hole for the transducer cable is in the 12 o’clock position, as viewed when
facing the machine.

8.2 Place the compaction hammer on top of the calibration device and secure it in the machine as usual during
normal operation. Rest the drop weight on top of the hammer foot before starting the machine.

8.3 Begin recording data and immediately start the compaction hammer.

8.4 Record the force time history for each blow. Apply 75 blows when calibration for a 50-blow Marshall
procedure is desired. Apply 100 blows when calibration for a 75-blow Marshall procedure is desired.

8.5 Sufficient “pre-trigger” shall be recorded for each blow to ensure that the start of the blow is captured. The
duration of the recorded force time history shall be of a length such that all significant/measurable force is recorded
(Figure 2). Individual force time histories shall be. stored, either temporarily or permanently, for subsequent

processing.

8.6 Repeat Sections 8.1 to 8.4 with the port hole for the transducer cable in the 4 o’clock (second data set) and 8
o’clock (third data set) positions.

9. Calculation and Interpretation of Results

9.1 Determine the peak force of each recorded force time history, the average peak force for each data set, and the
average of the average peak forces to the nearest kN (Figure 2).

9.2 If the average of the average peak forces is less than 33 kN, calibration of the compaction device is not valid.

Note 3-- A very low average peak force is an indication of a machine that is in need of repair or
maintenance. Calibration can be carried out; however, the calibrated blow count is likely to be excessive
when compared to the calibrated blow count of typical machines. In this case, the machine should be
inspected and repaired as necessary and the average peak force measured again.
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9.3 Determine the impulse for each recorded force time history and the average of the impulses for each data set.
The impulse is defined as the area under the force time history curve from the start of the blow to the first zero

crossing. (Figure 2)

9.4 Determine the cumulative impulse for each data set in kNos. The cumulative impulse is the running total sum
of the individual impulses, computed as a function of the blow count.

9.5 From the cumulative impulse data, determine the blow count for each data set that corresponds to the standard
cumulative impulse specified. Use a standard cumulative impulse value of 1100x10-3 kN-s (247x10-3 kip-s) when
calibration for a 50-blow Marshall procedure is desired, and a standard cumulative impulse value of 1650x10-3 kN+

(371x103 lcip-s) when calibration for a 75-blow Marshall procedure is desired.

9.6 Average the blow count from each data set that corresponds to the standard cumulative impulse specified.

10. Report

10.1 For each data set report the following:

10.1.1 the average of the peak forces, nearest kN,

10.1.2 the average of the impulses, nearest kN.s, and

10.1.3 the blow count that corresponds to the standard cumulative impulse.

10.2 The report shall include an identification of the hammer being calibrated.

10.3 Report the average of the average peak forces for the 3 data sets, nearest kN.

10.4 Report the standard cumulative impulse used, nearest kNos.

10.5 Report the average blow count for the three data sets as the calibrated blow count N~Oor N7~.

11. Keywords- Calibration, Mechanical Compactor, Marshall Test
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ANNEXAl - Calibration Device Parts List and Drawings
(MandatoryInformation)

Al. 1 Parts List - The parts list for the calibrationdevice is presented in Table Al. 1, Parts are referencedby part

number and part name. Specificationsfor each paII are listed in the table along with the supplier of the part for the
prototype device.

Note Al. 1-- This should not be construed as an endorsement of a particular manufacturer or supplier.
The suppliers are listed only so that the interested reader can obtain more detailed specifications if they
so desire, which should aid in the selection of the part.

Al.2 Engineering Drawings - Engineering drawings are presented in Figures Al. 1 through A1.5 for all parts that

require custom fabrication, or are modified from an “off-the-shelf” item. Engineering drawings are not included for
stock parts that are used as purchased (e.g., washer, Belleville spring, etc.). An assembly drawing is presented in
Figure Al .6.

AL3

A1.3.

Note A1.2 -- Particular attention should be paid to the details of the cable connection of the force
transducer since there is limited clearance between the transducer and bottom collar, and transducer and
Belleville springs. The bottom collar should slide freely on and off without having to disassemble the
device.

AssemblyInstructions: ‘

1

A1.3.2

A1.3.3

A1.3.4

AI.3.5

A1.3.6

A1.3.7

A1.3.8

A1.3.9

Apply a small amount of general purpose or high-strength thread adhesive/bonding agent (e.g, LockTite~

or equivalent) to the inside threads of the top plate.

Secure the top plate upside-down in a bench vise. Use small blocks of wood if necessary to prevent damage
to the plate.

Apply a lubricant to the contact surfaces of the force transducer, sleeve, and base as recommended by the
transducer manufacturer (a molybdenum-based lubricant was used in the prototype device). Apply a small

amount of the same lubricant to the outer diameter edges of the Belleville springs where the two springs
come in contact.

Place the elastic band around the hub of the sleeve and hub of the top plate (the elastic band reduces the
clearance between the spring and sleeve (top plate) hub, while permiting radia~ displacement of the spring
relative to the hub).

Position the Belleville springs, sleeve, force transducer, base, and washer on top of the top plate in the order
shown in figure Al .6.

Apply a small amount of adhesive/bonding agent to the threads of the assembly bolt.

Slide the assembly bolt down through the device parts and tighten the assembly by hand until snug.

Center and align all the parts relative to one another. Rotate the force transducer relative to the base so that
the transducer cable is positioned properly to allow for installation and removal of the bottom collar.

Tighten the assembly using a torque wrench to 41 N-m (30 ft-lb).
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Al .3.10 Remove the device from the vise. Place the device upside down on a table and allow the thread adhesive
to fully cure, as recommended by the adhesive manufacturer.

Warning - Do not use an excessive amount of thread adhesive on the top plate and assembly bolt.

Also, do not turn the device right-side up until the adhesive is fully cured. Excess adhesive may

backup or drain down the shaft of the assembly bolt and obstruct the smooth operation of the

device.
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Name

Assembly
Bolt

Washer

Base

Force Ring

Sleeve

Elastic band

Bottom
Belleville
Spring

Top
Belleville
Spring

Top Plate

Bottom
collar

Top Collar

In-Line
Charge
Converter

AC Power
supply

Table AL1: CalibrationDevice - Parts List

Specification

25-mm (1”) #14 fine thread, 152-mm (6”) hex-head
medium-strength cap screw, modified as shown in
fabrication drawing

25 mm (1”) SAE flat washer

Mildsteel,see fabricationdrawing

Piezoeiectric force transducer, compression type,
maximum force of 20-30 kips, nominal inner diameter -
25 mm (l”), nominal outer diameter -51 mm (2”),
nominal height less than 15 mm (0.6”), size and
configuration of connection that fits the space
constraint of device

Mild steel, see fabrication drawing

l-mm thick elastic ban~ diameter to permit snug fit
around hub of sleeve and top plate

High-carbon steel Belleville spring/washer

High-carbon steel Belleville spring/washer

Mild steel, see fabrication drawing

Bottom collar, modified from a standard 102 mm (4”)
diameter Marshall cylinder mold as shown in the
fabrication drawing

Top collar, from a standard 102 mm (4”) diameter
Marshall cylinder mold

In-line charge converter (amplifier) converts high-
impedance charge output of a piezoelectric sensor into
low-impedance voltage signal

AC power supply for low-impedance piezoelectric
transducers with built-in or attached amplifiers

Prototype Device Supplier

McMaster-Cam, Brunswick,
NJ;
Part # 91248A927

McMaster-Carr, Brunswick,
N~
Part # 91083AO38

Local

PCB Piezotronics, Inc.,
Depew, New York
Model 216A Force Ring with
M05 built-in option (1.5 m
(5’) low noise integral cable)

Local

Local; standard office supply

Key Belleville, Inc.,
Leechburg, PA;
Part M3250-P-420

Key Belleville, Inc.,
Leechburg, PA,
Part M3250-P-420

Local

RainhartCo.,
Austin, ~,
Model 110CM4 Compaction
Mold Assembly

Rainhart Co.,
Austin, TX;
Model 110CM4 Compaction
Mold Assembly

PCB Piezotronics, Inc.,
Depew, New York
Model 402A In-Line Charge
Converter with M144 built-in
option

PCB Piezotronics, Inc.,
Depew, New York;
Model 482A06, Single-
Channel Line Power Supply
with BNC inputioutput
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Note:
Part fabricated from a 25 mm (1”) -14 tine thread, 152 mm (6”) long (threaded length 64 m
(2.5”) ) hex-head medium-strength cap screw. Thread shaft to indicated length, turn bolt head,
and cut bolt to length.

PART NAME: Assembly Bolt
PART NUMBER: 1
MATERIAL: Steel
UNITS: Millimeters unless otherwise specified

Figure 13. Assembly bolt
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PART NAME Base PART NUMBER: 3
MATERIAL: Mild Steel UNITS: Millimeters unless otherwise specified

Not to scale

Figure 14. Base
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PART NAME: Sleeve
PART IWJMBER: 5
MATEIUAL: Mild Steel
UNITS: Millimeters unless otherwise specified

Grind stiace flat to within
0.025 mm (0.001 inch) TIR

Figure 15. Sleeve
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Notes:

1. Harden to minimum RC-55 after fabrication.
2. Chamfer comers as needed to prevent cracking during hardening

PART NAME: Top Plate
PART NUMBER: 9
MATERIAL: Mild Steel
UNITS: Millimeters unless otherwise specified

Figure 16. Top plate
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Notes:
Part fabricated from bottom collar of a standard 102 mm (4”) diameter Marshall
cylinder mold. Modifications include milling slot and drilling hole for transducer
cable, and drilling hole for anchor screw. Slot and hole must be tailored to be
compatible with transducer connection details. Measure “A” and the diameter of
the anchor hole are arbitrary but must be compatible with connection detail and
tapped hole in base.

PART NAME: Bottom Collar
PART NUMBER: 10
MATERIAL: Steel
UNITS: Millimeters unless otherwise specified
SCALE: 1/2

Figure 17. Bottom collar
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ANNEX A2 - Spring Stiffness Determination

(Mandatory Information)

A2. 1 Place the device in a universal test machine having a load range between 130 and 450 kN.

A2.2 Measure the displacement of the top plate of the calibration device with a displacement measuring device (e.g.,
dial gauge or LVDT) that has a resolution of at least 0.0025 mm (0.0001 “). Care should be taken to ensure that the
measuring device has rigid support and is securely anchored to ensure that there is no relative movement of the
measuring device during testing.

A2.3 Condition the calibration device by completing 3 cycles, loading between 20 and 120 percent F~=.

A2.4 Complete 3 load cycles between 20 and 100 percent F~u. Load and unload in 5 equal increments. At each load

increment record the displacement (5) of the top plate.

A2.5 Plot load (F) versus deflection (6).

A2.6 Determine the best fit line to the data using the method of least squares.

A2.7 The slope of the fitted curve is the calibrated stiffness K,. The calibrated stiffness J& shall be 150 & 10
kN/mm.
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ANNEX A3 - Load Cell Ctilbration
(MandatoryInformation)

A3. 1 Place the device in a universal test machine having a load capacity of at least 135 kN (30 kip), and a
resolution of at least 0.5 kN (O.1 kip).

A3.2 Record the load during calibration using the actual data acquisition system to be used during Marshall hammer

calibration; this includes power supply, cables, and recording instrument.

A3.3 Power the force transducer and allow sufficient time, as noted in the manufacturers specifications, for the
instrument to thermally stabilize.

A3.4 Condition the device by completing 3 cycles between O and 90 kN (O and 20 kip).

A3.5 Apply loads of 5, 10, 15, 25, 40, 50, and 70 kN (1, 2, 3, 6, 9, 12, and 15 kip), in that order. At each load
increment, record the force transducer readout (V). Apply the loading sequence three times, such that three
independent readings are taken at each load increment for a total of21 data points.

A3.6 Plot readout (V) versus load (F).

Note A3.1 -- The sensitivity of a piezoelectic force transducer varies with the pre-load on the instrument
sensitivity decreases with an increase in pre-load. As a result, the calibration curve for the instrument is
likely to be bilinear, as shown by a typical example in Figure A3. 1. For low loads, the transducer has a
certain sensitivity because of the pre-load in the assembly bolt. Sensitivity increases, however, as the

springs are compressed and the pre-load on the bolt is relieved. Accurate calibration requires determining

the best fit lines to the two legs of the calibration curve.

A3.7 Determine the best fit line to the data corresponding to loads of O, 5, and 10 kN (O, 1 and 2 kip) using the

method of least squares. The equation for the fitted line shall be in the form:

V=ml F, O< F<Fi

in which V is the instrument readout, F is the force, ml is the slope of the fitted line, and Fi is determined in A3 .9.

A3.8 Determine the best tit line to the data corresponding to loads of 15, 25, 40, 50, and 70 kN (3, 6, 9, 12, and

15 kip) using the method of least squares. The equation for the fitted line shall be in the form:

V=mz F+bz; Fi<F

in which V is the instrument readout, F is the force, mz is the slope of the fitted line, b2 is the y-intercept of the fitted
line, and Fi is determined in A3.9.

A3.9 The intercept of the two calibrationcurves, correspondingto Fi, k given by

Fi = bz I (m, - m,)

Note A3.2 -- Fi is an estimate of the pre-load in the calibration device.

A3. 10 Factors ml, mz, and bz define the calibration curve of the force transducer.
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Figure 19. Typical hi-linear calibration curve
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