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EXECUTIVE SUMMARY

This report conducted a field evaluation of porallon-nuclear density gauges to
determine their effectiveness and practicality €prality control and acceptance of

asphalt pavement construction. It was determihatrion-nuclear density gauges can be
used to measure in-place asphalt pavement derisityey are calibrated to nuclear

density gauges and a specified number of samplsites are used.

A literature review of previous field studies gealr found a comparison of cores with

the non-nuclear Pavement Quality Indicator (PQIugga non-nuclear PaveTracker

gauge, and/or a nuclear density gauge. The stimliesl a bias between cores and both
the nuclear and non-nuclear gauges on all projeBias, or the difference between the
non-nuclear gauge and either the core or nucleagegavas generally below 10 pcf.

When recommendations were stated in a study, noleaudevices could be used for

quality control, however, they were not recommenidedjuality assurance or acceptance
testing. Bias correction factors were also recomuhed using a single additive value.

Three portable non-nuclear gauge models were eealua this study, including the
TransTech PQI 300, TransTech PQI 301, and TroxdeePracker 2701b. A CPN MC-3
nuclear density gauge was compared to the non-@ugkuges; six-inch diameter cores
were tested to ensure nuclear gauge calibratioriotal of 16 individual HMA projects
were used to compare the gauges and cores. Tee di6 projects included testing on
multiple days and/or multiple mixture types.

A consistent finding was a bias between nuclearraomdnuclear gauges, and a change in
bias within a project between days or a differemttane type. All non-nuclear models
consistently read lower than the nuclear gauge.l M¥Qel 301 read 11.2 to 27.2 pcf
lower than the nuclear gauge, while PQI Model 3®@ged from 4.2 to 26.6 pcf lower.
PaveTracker varied from 1.8 to 17.7 pcf lower.

An analysis of variance determined that severabfacaffected the difference between
the nuclear and non-nuclear readings, includingexggge source, design ESALSs, passing
no. 4 sieve, lab air voids, asphalt content, aggeegpecific gravity, and pavement layer
thickness. The analysis also confirmed that moesttalues for PQI models must be
below a value of 10, as stated in manufacturer meecendations, to yield valid test
results.

Since many of the factors affecting non-nuclearsdgmreadings are mixture or project

specific, it was recommended that a calibratiomdreducted uniquely for each project to
offset or block the effect of the factors. Caliiwa to only the nuclear density gauge was
recommended. Several other calibration types viievestigated but they were not

suitable at this time, including operating the gzsidirectly after warm up, WisDOT test

blocks, manufacturer reference block, and Superggkegory specimens.

Three calibration functions were investigated ussets of 3, 5, and 10 random points,
including: (1) intercept by adding a constant coticn factor, (2) slope by multiplying a
constant correction factor, and (3) slope-interdgpmultiplying a slope term and adding



an intercept term. It was recommended that a 1@tpzalibration using the slope

function be used over the slope-intercept functigince it has less error and a more
simplistic approach for field purposes. The inggtcfunction, commonly recommended
in other studies, had substantially more error witte PQI 300 and was not

recommended.

The stability of the 10-point slope function comgulifrom Day 1 paving was applied to
Day 2 raw non-nuclear readings to assess the flgsin a typical multi-day paving
project. The results indicated that a Day 2 shypetion used to adjust Day 2 readings
was more accurate than a Day 1 slope function use@djust Day 2 readings.
PaveTracker produced less error than both PQI masbken the Day 1 slope function
was applied to Day 2 raw non-nuclear readings.

The current nuclear density specification was mgew and analyzed, and it was
determined that the current n=7 sample size, cdupith a 95% probability level (5%
risk) and mat standard deviation of 2.0 pcf, yidldeconfidence interval &f 1.5 pcf, and

+ 0.9 % density. This indicated that both WisDOTd atpntractors are exposing
themselves to greater risk than the recommendede%8&b. Based on a sample size of
n=7 and mat standard deviation of 2.0 pcf, the abdly level of the finding the average
density withint 1.0 pcf was estimated to be 81.4%. The probgbéiel of the finding
the average withia 0.5 % density was 70.4%. It was recommendedatigistments be
made to the current nuclear density specificatfonisk levels are to be reduced from
current levels.

Sample size for non-nuclear gauge testing for arglet on a project was determined to
be n=30 test sites, based on a 95% confidence, et mat and slope-function error,

and confidence intervals af 1.0 pcf andt 0.6 % density. To reduce the confidence
interval tox 0.5 % density, a total of n=50 samples would beeasary.

A statistically-based procedure for determining @alewable difference between density
gauges was detailed. The current QA test veriibaprocedure, that compares two
nuclear density gauges on QMP projects, was irgegstil. It was determined that when
independent sites are used for non-nuclear tes?idigest site comparisons are necessary
to achieve a true difference of 1.0 pcf, basedherstated risk levels and pooled variance.
When the same test sites are used for compariptingample), 10 comparison test sites
are necessary to achieve a true difference of df,0ap an alpha risk of 5%, and beta risk
of 20%. The power concept was illustrated to cdetee the true mean difference
between gauges by compensating for alpha and iskta r

Finally, issues to consider for implementing thenimaiclear test specification were
detailed. Several aspects require consideraticluding, the nuclear density gauge
requirement to calibrate non-nuclear density gaugpsrator familiarity with the non-
nuclear gauges, battery charging, adhering to naatwfer recommendations, computing
the slope function, test site layout, and training.
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CHAPTER 1 INTRODUCTION

1.1 Background and Problem Statement

During the mid 1990’'s, Wisconsin Department of TH@ortation (WisDOT)
specifications began shifting from requiring thee W core samples to nuclear density
readings as a way to provide non-destructive measemt of asphalt pavement density.
However, use of a nuclear density gauge to measspkalt pavement density requires
special handling, a radioactive materials licers®] annual licensing costs of about
$1,400 (Schiro 2006). In addition to licensingugments and costs, there are concerns
with bias and variability in measurement of Stonatfi*% Asphalt (SMA) and coarser
Superpave mixes, suggesting a need to evaluamuthent system. Thus, there is a need
to evaluate non-nuclear density gauges as an afieerto nuclear density gauges.

1.2 Objective
The objectives of this research study are to:

(1) Conduct a field evaluation of selected non-nucldansity gauges to
determine their effectiveness and practicality fpuality control and
acceptance of asphalt pavement construction; and

(2) Based on the field evaluation results, recommemptagpiate test protocols
and systems of non-nuclear density devices as tab$eiireplacement of
nuclear density gauges to measure in-place aspinadiment density.

1.3 Background and Significance of Work

This subject is important because the goal of theD®T Quality Management Program
(QMP) is to measure pavement density to ensureabityjudurable asphalt pavement. A
reliable system is needed to accurately measumgdace pavement density. Non-
destructive testing with nuclear density gaugeshis preferred alternative to core
samples, since there is no damage to the pavertmaotuse, more samples can be taken,
and rapid readings allow proactive quality contesiting during roller compaction.

While nuclear density gauges are non-destructive @movide rapid density readings,

there is a need for an instrument without the nexpents of a radioactive materials
license, special handling, and licensing fees.s Bidy has the potential to remove the
disadvantages associated with nuclear density gawgale retaining the benefits of a

non-destructive test procedure.
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1.4 Benefits

The potential benefits of this study, with a shdtvards non-nuclear density devices,
include:

1. Reduce or eliminate costs of handling and licensisgpciated with nuclear density
gauges;

2. Non-nuclear density devices can collect more dza nhuclear density gauges for an
equivalent testing period, thereby providing théeptial for a more accurate estimate
of the average pavement density in a lot; and

3. More rapid readings with non-nuclear density gaugasld allow more proactive
quality control testing to improve pavement denditying roller compaction.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

A literature review was conducted to find all infaation related to non-nuclear devices.
First, manufacturer literature of non-nuclear dgnsyauges or systems, for both

compactor-mounted and portable devices, were igastl to understand their potential

for measuring pavement density. Then, previoudissuin this area were researched to
document experimental design and key findings.

2.2 Non-Nuclear Compactor-Mounted Systems

Five compactor-mounted systems that are currentigsearch and development include:
(1) Bomag Asphalt Manager and Bomag VarioContr@) Compaction Indicator
(version 01) by Caterpillar, (3) Onboard Density ddering System, patented by Penn
State University and Ingersoll-Rand, (4) Continudg@empaction Control system by
Bomag in collaboration with Geodynamik, and (5) Aemm under development at Texas
Transportation Institute. Table 2.1 provides htites of these systems and a
recommendation for using those devices in fielddatlection.

At the time of field data collection, Bomag was thdy manufacturer that currently had
an on-board prototype system for asphalt pavememtis demonstration projects

throughout the U.S. Caterpillar had a system, eas not capable of responding to
varying levels of compaction. An attempt was m#mlechedule the Bomag prototype
system on at least one field project for this sfutywever, there were schedule conflicts
and previous commitments in other states.
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Table2.1 Compactor-Mounted Non-Nuclear Device Manufacturers

Manufacturer Attributes Recommendati
D (2) on for Field
Study
3)
Bomag Asphalt First calculates the stiffness of the asphalt &ed ties the Yes. System
Manager stiffness to a density. prototype
Given a uniformly stable base beneath the aspigt land currently being
taking the asphalt temperature into account, cotigrac evaluated in
measurements using a nuclear density gauge shaowca d field studies.
correlation between the vibration modulus and dgnsi
Compaction Calculates the stiffness of unbound material Iaytten relates| No. System
Indicator (C.I. stiffness to density. prototype not
version 01) by Also known as Intelligent Compaction System. fully developed
Caterpillar Does not vary level of compaction from system resgo for asphalt
pavement.

Onboard Density
Measuring
System

(Penn State
University and
Ingersoll-Rand)

Density measurements are taken in real time aeaofaone per
second during the compaction process.

The more dense the material that the vibratory @t is
rolling over, the more excited the vibratory respoof the
compactor.

It is the only acoustics-based density gauge tias physical
parameters other than the vibratory response afahgactor
into account.

It does not give a relative density reading, bdiract density
reading in pounds-per-cubic-foot.

No. System
prototype not
fully developed
for commercial
use.

Continuous
Compaction
Control
(Caterpillar and
Geodynamik)

Measuring system produces a compaction meter vafies a
relative dimensionless unit that measures the cotigrastate
of a material and its absolute value varies withrttaterial’s
rigidity.

It must be calibrated using a traditional densigasuring
system.

No. System
only developed
for unbound
base materials.

Ammann under
development at
Texas
Transportation
Institute (TTI).

System currently under development for asphalt ieve:
density

No. System
prototype not
fully
developed.

2.3 Non-Nuclear Portable Devices

Three non-compactor mounted, portable non-nucleaicds systems considered for the
field component of this study included: (1) Pavemdpuality Indicator (PQI),

manufactured by TransTech, Inc. (2) Electrical Dign&auge (EDG), LLC’s “EDG”,

and (3) PaveTracker by Troxler Laboratories, Ii@able 2.2 provides attributes of these
portable devices, along with recommendations madeiging those devices in the field
study. EDG has a portable non-nuclear densityogefar unbound base material, but not
Since the EDG had not been didixeloped for asphalt pavement

asphalt pavement.
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during the study, it was recommended that onlyR@Q& and PaveTracker models be used
for field data collection.

Table 2.2 Portable Non-Nuclear Device M anufacturers

Manufacturer Attributes Recommendation
() (2) for Field Study
3)
TransTech « Measures pavement density by measuring the elaktric| Yes. Prototype
Systems, Inc., impedance of the material. developed for
PQIl Models |« Must be calibrated for the mix that is currentlyrige commercial use.
300 and 301 measured.

« Many evaluations have been made on the use oftR®I,
the conclusions are not consistent.

¢ The latest PQI Model 301 has the ability to compéns
for surface water (could possibly manage wategrfilised
to measure coarse surface textures).

Electronic e Uses radio frequency measurements to measure the | No. System only
Density Gauge density of the material. developed for
e Currently has 10 EDG beta units manufactured aad f | unbound base
send the units to various Departments of Transponta | materials.
and consultant sites in the near future.

Troxler « Relative reading is offset to a representative saraple. | Yes. Prototype
PaveTracker, | « Uses “chemical compaosition per unit volume” teclugyl | developed for
Model 2701 by measuring dielectric properties. commercial use.

¢ Unlike some non-nuclear, non-mounted gauges, this
model needs no moisture or temperature corrections,

« Very small size (3.5 inches by 4.5 inches by 2rizhes)
allows device to be taken into the lab for caliloatand
placed on top of a 150mm gyratory compacted spatime

2.4 Previous Studies

Literature were reviewed for previous field studas this topic. Specific information
synthesized included year of study, researchet, degices and methods used, field
experimental design, and key findings. Table Rr@marizes these studies.

The scope of the studies generally involved the ganmeon of cores with the Pavement
Quality Indicator (PQI), and in some cases, incigda nuclear density gauge and the
non-nuclear PaveTracker gauge. Number of projecisach study ranged from 1 (8

studies) to 144 projects (University of Utah poefedd study). Number of cores on

individual projects ranged from 4 to 42.

A consistent finding was a bias between cores anttl the nuclear and non-nuclear
gauges. Bias, or the difference between the nafeau gauge and either the core or
nuclear gauge, was generally below 10 pcf, howeawuethe most comprehensive study,
several projects in the University of Utah poolethd study exceeded 10pcf, and one
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project reached 83 pcf. When recommendations wtted in a study, non-nuclear
devices could be used for quality control, howetbey were not recommended for
guality assurance or acceptance testing. Bia®ckon factors were also recommended
(Romero 2002).

Mat temperature and moisture content were fact@asibfluenced non-nuclear readings.
A lab component of the University of Utah pooleddustudy found that aggregate source
had an effect due to differing dielectric constaatsneasure of electrical impedance of a
material) for three aggregate sources: limestomanig, and gravel (Romero 2002).
However, a field investigation of these aggregateraes was not conducted. A Skanska
study acknowledged the dielectric constant, butndidperform a field analysis (Karlsson
2002). Dielectric constant values that were reggbmcluded: Air = 1, Asphalt Concrete
=5 to 8, Water = 80.

Non-nuclear device manufacturers recommend tegtirgday of paving to avoid the
effects of water and debris on the pavement. Teahdechnical Note 0301 states the
following:

“Reducing the water content from 2% to 1% (stilBA0OF) results in a change in
the dielectric constant by —16%. This change spwads to —24 pcf. Therefore
temperature and water content must be accountednfohe measurement of
asphalt density where accuracies of the ordertofl.5 pcf are specified.

Controlled studies conducted at Turner-FairbankhiWi@y Research Center and
others have confirmed the need for correction &phalt temperature and water
content when making density measurements with devibat depend on the
dielectic properties of the material for the measugnt” (Transtech 2003).

Table2.3 Summary of Field Research Studies evaluating Non-nuclear Devices

Year Researcher Test Experimental Findings
Devices/Methods Design
1) (2) 3) (4) ©)
2004 | NCHRP » Pavetracker « 4 projects completed| ¢ Ongoing and pending analysis
10-65 « PQI model 301 | 1 project scheduled | « Part A analysis will be available
» Cores » 7-8 additional prior to field tests in Wisconin.

Nuclear density| projects likely
measurements depending on
preliminary analysis

« 3-4 sections per
project

« 15 test points/section

e 4 readings in
orthogonal positions
per test point
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Table2.3 Cont.

Year Researcher Test Experimental Findings
Devices/Methods Design
1) 2) 3) 4) 5)
2003 | Kentucky » Cores, T-166 1 project Troxler 4640B -1.8pcf vs. core
Transportati | « Troxer 4640-B 33 cores PQI #1 +0.3pcf vs. core
on Center (nuclear) One to four nuclear PQI #2 -0.7pcf vs. core
* PQI Model 300 readings PQI recommended for QC to
(2 devices) Five non-nuclear obtain relative density.
readings in clockwise
positions
2003 | Texas » Cores, T-166 3 projects Troxler 3450t 4.1pcf core
Transport. » Troxer 3450 10 cores/project Pavetrackert 5.7pcf core
Institute (nuclear) Two 1-minute PQI * 2.6pcf core
e PQI (model nuclear readings 100-deg F drop in temp affected
unknown) (rotating 180 degrees  PaveTracker with 5pcf drop in
« PaveTracker between readings) density.
(model Five 5-second non-
unknown) nuclear readings in 2
4,8, 10, 12 o'clock
positions
2003 | Florida DOT| « Cores, T-166 1 project Correction factor applied:
» Troxler 3440 4 cores to develop Troxler 3450 —1.3pcf vs core.
(nuclear) correction factor PQI +1.1pcf vs core.
« PQI Model 300 | « 12 sites (no cores) PaveTracker +1.1pcf vs core.
» PaveTracker with correction factor
applied
2002 | University » Cores, T-166 Lab factors 2000 lab studyDensity, Source,
of Utah, « Several nuclear| Investigated: Density Temperature, and Moisture had
Pooled Fund|  gauge models | NMAS, Source, effect on PQI readings. NMAS
Study. « PQI Model 300 Temperature, had a minimal effect.
« PaveTracker Moisture. 2000 field studyPQI ranged from
Participating (model 2000 field study: 76 0.0pcf to 16.6pcf average projec
States: unknown) projects in 6 states difference than cores, and was
Connecticut 2001 field study: 38 stat. different on 54% of projects
Maryland projects in 5 states 2001 field studyPQI ranged from
Minnesota 5 to 15 cores/project 0.0pcf to 83.0pcf average projec
New York Two 1-minute nucleat  difference than cores, and was
Oregon readings or four 30- statistically different on 68% of
Pennsy. second nuclear projects. PaveTracker ranged

readings

PQI: Five 5-second
non-nuclear readings
in2,5,8,11, 12
o’clock positions
PaveTracker: Four 5-
second non-nuclear
readings in 3, 6, 9, 12
o’clock positions

from 0.0pcf to 14.0pcf average

project difference than cores, an
was statistically different on 82%
of projects.

PQI was not adequate to measur

density changes in field.
Mixture specific calibration is
needed.

PQI and PaveTracker not
recommended for QA.

PQI and PaveTracker suitable fg
QC to obtain relative density.

Aan
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Table2.3 Cont.
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=

Ct

Year Researcher Test Experimental Findings
Devices/Methods Design
1) 2) 3) (4) 5)
2002 | Skanska » Cores, T-166 | » 1 project Nuclear +2.1% to +3.0% vs. core.
Asphaltand | « Seaman C200 | » 10 cores PQI -0.5% vs. cores.
Concrete (nuclear) e Twenty 30-second Water content of 15% limits
Technology | « PQI Model 300 | non-nuclear readings|  reliability.
Region — without moving Water content is 5-6% on hot ma
VTO South device
2001 | Connecticut| « Cores, T-166 | » 10 projects PQI 300+ 12.1pcf core, with
DOT in « CPN MC-3 * 10 cores/project average of +8.2 pcf across 10
cooperation (nuclear) « Two 30-second projects.
with FHWA | « pQI Model 300 | nuclear readings CPN MC-3+ 1.0pcf core, with
(rotating 180 deg average of +0.6 pcf across 10
between readings) projects.

» Five 5-second non- Poor PQI performance likely the
nuclear readings in result of moisture in hot paveme
clockwise rotation mat.

Recommended not to use PQI fa
QA.
2001 | Diamond » Cores, T-166 | « 1 project PQI +1.2pcf vs. core.
Materials « PQI Model 300 | « 10 cores
2000 | Sully-Miller | « Cores, T-166 | * 1 project Nuclear -2pcf to -4pcf vs. core.
Contracting | « Troxler 3440 |+ 6 cores PQI -10pcf to -12 pcf vs. core.
Co. (nuclear) e Two 1-minute nuclea Bias correction needed for PQI.
* PQI Model 300 readings (rotating 18( Bias correction optional for
deg between Troxler (nuclear).
readings) PQI showed no measurable affe

* Five 5-second non- from pavement texture.
nuclear readings in 2
4, 8, 10, 12 o’clock
positions

1999 | Delaware e Cores » 1 project Day I
DOT and » Troxler 3450 | » 5cores (Day 1) Troxler 3450 —5.3pcf vs core.
Delaware (nuclear) « 12 cores (Day 2) Troxler 4640 —6.3pcf vs core.
Asphalt « Troxler 4640 | » Two 1-minute nuclear - PQI —8.3pcf vs core.
Pavement (nuclear) readings
Association | « pQ| Model 300 | « Correlated gauge to Day 2

core on Day 1 and Troxler 3450 —1.6pcf vs. core.
applied offset on Day| - Troxler 4640 —1.0pcf vs. core.
2 PQI —-1.6pcf vs. core.

1999 | NCHRP- » Cores, T-166 | « 1 project Nuclear —2.3pcf vs. core.
IDEA » Nuclear gauge | » 8 cores PQI +0.3pcf vs. core.
Projects 32 (model
and 47 unknown)

* PQI Model 300
» PaveTracker
No Nebraska » Cores, T-166 | « 1 project PQI +0.2pcf vs. core

date | Department | « PQI Model 300 | « 42 cores

of Roads
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CHAPTER 3 EXPERIMENTAL DESIGN

3.1 Introduction

In the previous chapter, a critical review of narclear devices recommended the
following for the field study: (1) Bomag Asphalt Mager and Bomag VarioControl
Compactor, a compactor-mounted system manufachy&bmag, (2) Pavement Quality
Indicator (PQI) manufactured by TransTech Systemms., and (3) PaveTracker
manufactured by Troxler Laboratories, Inc. An @i was made to schedule the Bomag
prototype system on at least one field projectha study; however, there were schedule
conflicts and previous commitments in other statEsom this list, a field experimental
design, or work plan, was developed to collect lace density data from actual
construction projects.

3.2 Work Plan Parameters

The work plan incorporated findings from severalirses, including: (1) the literature
review, (2) on-going NCHRP Project #10-65, (3) nregtvith WHRP Project Oversight
Committee (panel) on November 30, 2004, and (4)timgevith the research team on
January 11, 2005. A work plan was submitted toiii¢RP Panel on April 6, 2005, and
comments from the panel were incorporated intofittedized plan dated May 10, 2005.
Key parameters for the work plan are detailed enftdilowing sections.

3.2.1 Test Equipment

Two portable non-nuclear manufacturers/models weit&lly specified for the field
study: (1) TransTech PQI Model 301, and (2) Troe~eTracker Model 2701b. These
model numbers were the latest devices from bothufaaturers. Payne and Dolan, Inc.,
furnished their PQI Model 300 non-nuclear densiyge on Projects #6 through #16.
Test procedures for both manufacturers were folthwe particular, five readings in the
region of the where the core or nuclear densitdiregs were taken. Six-inch diameter
core bit and CPN MC-3 nuclear density gauge wese ased.

The PaveTracker gauge was checked for calibratidghe manufacturer’s glass reference
block in the carrying case before and after testiagh day. If the gauge was turned off
during the day to save battery power, the referdiaek was retested and the readings
were always withirt 0.2 pcf of the 151.0 pcf reference block density.

PQI models were not calibrated to any block or cdeuwhroughout field testing. The
manufacturer provides no reference block, but sstggihat standard project calibration
data be entered before daily field testing. Thaseies included the layer (intermediate
or surface), NMAS, and lift thickness. If any nmtaig readings exceeded an indexed
value of 10, the machine should be checked, oihanaite be tested.
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3.2.2 Projects

The proposed April '8 work plan was to collect data from 16 projects; Siperpave
projects and 4 SMA projects. The project panebmamended that resources be used to
test more than 12 Superpave projects, and propaitjoreduce the number of SMA
projects. The reason for this recommendation was $MA will most likely have a
different test protocol than Superpave, which cdaddieveloped at a later date. Thus, 16
Superpave projects were specified for data cobacti

Three source aggregates, two base types, and tplcates of each source/base
combination were initially proposed, yielding aaiobf 12 projects (3 x 2 x 2). Source
aggregate types included gravel, granite, and liomes Base types included PCC,
HMA, and CABC. The remaining four projects werensiolered additional replicates.

During field data collection, it was not possibte itlentify projects with the desired

source/base combination, and as a result, priordg given to aggregate source type.
This decision was based upon the literature revielnere a lab study by the University
of Utah found that aggregate source affected naheau density readings (Romero
2002). None of the previous studies evaluated hgme however, and the decision was
made to use pavement layer thickness as a surrogaéble for base effects.

3.2.3 Test Stes

Thirty (30) QA comparison test sites after finighling were randomly chosen on each
project for collecting comparison data between gsoreiclear density gauge, and both
PQI and PaveTracker non-nuclear gauges.

Five (5) QC test sites were selectively determioeeach project to compare the nuclear
gauge and both the PQI and PaveTracker non-nugeages during compaction
operations. Density and temperature readings vwaken behind the paver screed and
after series of roller passes until final compattiorhis data allowed an assessment of
gauge response under changing temperature andtydeosiditions, and whether the
devices are robust to this environment.

The project panel recommended not using surfat&dilsand, gels, water, etc.) in the
field study. There was no standardized proceduwgpply fillers to the surface (volume,

weight, surface area, time allotment, etc.), angr@priate filler materials have not been
clearly defined. In addition, non-nuclear deviege very sensitive to water since they
use electrical impedance to determine materialitlens
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3.2.4 Cores

The most significant change between the Apfilahd May 18 work plans was the
reduction of number of cores per project from 2A.@ and increase of nuclear density
readings from 20 to 30. The project panel pretethe use of the nuclear density gauge
as the baseline for non-nuclear density readingd, Gores as a simple check on the
nuclear density gauge readings.

The WHRP panel recommended that WisDOT Method 15&8lified AASHTO T-166)
be used to test density on all core samples, asseppto Corelok testing. Corelok has
several distinct advantages, such as improved acguof core density and minimal
repeatability error. By limiting the study to WIi€d Method 1559, normal variability
and bias would be built into the data set. In &oldj limited resources were to be spent
on collecting more field data, rather than perfarghon both Corelok and Method 1559
testing in the lab.
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CHAPTER 4 DATA COLLECTION SUMMARY

4.1 Projects

Field data were collected on 16 projects between VAand July 29, 2005. Table 4.1
summarizes the attributes of each project. Onfiiheo16 projects, there was multiple-
day testing, and/or multiple-mix type testing, todarstand the effect on non-nuclear
readings in a typical specification.

Table4.1 Project Attributes

Index| Project WisDOT County Design| Aggregate | Base NMAS | Test
Name Project I.D. ESALs | Source #1 Dates

1) (2) (©) 4 5) (6) (1) (8) (8)

1 STH 142 3370-03-70| Kenosha E-1 Gravel | HMAC | 19mm | May 12
12.5mm| June 7,9

2 STH 73 7051-00-75| Clark E-3 Granite HMAC  19mm May

3 STH 64 9140-08-70| Langlade | E-1 Gravel HMAC | 19mm May 20

4 Marsh Road| 5992-01-17 Dane E-1 Limestone  CABC rh9m May 23

5 USH 51 5351-00-76| Rock E-3 Gravel CAB( 12.5mMay 24

6 IH 43 1220-14-71 | Brown E-30 Limestone PCC 19mm neJL,2

7 STH 59 2230-07-70| Milwaukee E-10 Limestonge CABC 9min | June 3

8 STH 100 2748-03-71| Milwaukee E-3 Limestonge CABC 9min | June 8
12.5mm| June 8,9

9 STH 23 5080-00-62 | Sauk E-1 Limestone¢ HMAC  19mmJune 29,30
12.5mm| July 18

10 | STH35 5163-09-75| Vernon E-3 | Limestone HMAC | 19mm | June 30, July 5

E-0.3 12.5mm| July 14,15

11 Merrill Ave. | 6411-01-71 | Marathon E-3 Granite HIZA| 19mm | July 5,6

12 STH 54/73 | 6390-00-71 E-3 Gravel HMAC 19mm JU

13 CTHF 6651-02-73| Marathon E-1 Granite HMAC  19mmJuly 8
12.5mm| July 20,21

14 | STH 13 1610-00-79| Price E-3 Gravel HMAC  12.5mduly 18,19,20

15 STH 13 1620-00-70| Marathon E-10 Granite CABC  dOm July 22

16 STH 16 1371-07-76| Waukesha E-1 Limestone CABC mrh9 | July 28,29

4.2 Comparison of Coresand Research Nuclear Density Gauge

Table 4.2 provides a comparison of core density wiiclear density readings with the
research nuclear gauge (CPN MC-3 Serial #M3911053C#8res were tested at the UW-
Platteville HTCP lab using WisDOT Method 1559 (nfati AASHTO T166) and oven
dryback to constant weight. On several projeats, @ more cores were not tested due to
minor damage during field coring and handling. plarticular, cores sampled under
traffic developed minor hairline cracks since thavgment was very warm during
sampling. Additional cores were sampled, howeseme also developed hairline cracks.
To avoid compromising the data, cores with hairbrecks were discarded.
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Table4.2 Coreand Nuclear Gauge Comparison

Project Project Name, NMAS, ComparigorNuclear Core Mean Std. Deviatign,

Index and Test Date Sites,n  Gauge,|pcf pcf Diff., pcf | of Diff., pcf
@) 2) 3) 4 5) (6) )
1 STH 142 19mm May 12 8 146.8 145.3 15 0.79
2 STH 73 19mm, May 18 4 143.4 141.3 2.1 1.44
3 STH 64 19mm, May 20 3 146.8 145.3 15 1.04
4 Marsh Rd 19-mm, May 23 10 146.2 146.7 -0.5 1.33
5 USH 51 19mm, May 24 9 146.2 145.1 11 0.58
6 IH 43 19mm, June 1 10 149.9 148.1 1.8 1.30
7 STH 59 19mm, June 3 10 145.7 147.9 -2.2 1.11
8 STH 100 19mm, June 7 7 147.7 147.5 0.2 2.14
9 STH 23 19mm, June 29 8 145.2 142.2 3.0 0.61
10 [STH 35 19mm, June 30 9 145.6 144y 0.9 0.87
11 Merrill Ave 19-mm, July 6 9 143.5 141.0 2.5 1.12
12 STH 54/73 19mm, July 7 7 146.2 1444 1.7 0.85
13 CTH F 19mm Coarse, July 8 8 142.( 149.0 -7.1 822
14 |STH 13 Medford 19mm, July 19 8 145.5 141.§2 3.7 1.32
15 |STH 13 Marsh. 19mm, July 21 9 145.3 149.4 -4.1 403
16 |[STH 16 19mm, July 29 9 149.5 148.2 1.2 0.83

Relative to cores, the nuclear gauge read highek2oprojects and lower on 4 projects.
On high-ESAL, limestone-source projects IH 43 aitH%9 (Greenfield Avenue) tested

in the same week, the gauge read higher than coréd 43 and lower on STH 59. The

IH 43 test layer was paved over non-rubblized P@QJ perhaps the nuclear gauge
included the concrete density of about 150 to 1&5dpring the test. STH 59 test layer
was paved over crushed aggregate base course (CAB&hout 145 to 150 pcf, possibly

producing a lower density. No proctor data werailable the date of STH 59 testing to

confirm the CABC density.

On coarse, granite-source projects CTH F and STHeE8 Marshfield, the gauge read
much lower than cores. It appeared that the cognagation, similar to an SMA mix,

caused the gauge to read a relatively large volofaer voids in the surface of the mix.
The contractor's nuclear density gauge on the SBHMharshfield project also read

pavement density lower than the cores.

On three dense-graded projects (STH 23, Merrill e and STH 13 Medford), the
nuclear gauge read 2.5 pcf to 3.7 pcf higher thmesc At first it would appear that the
gauge was out of calibration, however, a comparigbithe research nuclear density
gauge with the project nuclear density gauge osetlgrojects found the gauges were
within the 1.0 pcf tolerance. Thus, other projeditors caused the gauge to read cores
higher (high-density base, aggregate chemistrycangposition, etc.).
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4.3 Comparison of Nuclear Density Gauges

On each project, the research nuclear gauge cothpeaglings with the project nuclear

gauge (WisDOT and/or contractor) at the comparatet sites. Standard 4-minute test
readings were taken. Comparative readings wesntak both QMP sites and randomly-
chosen sites for the study, thus, the number & gdaints per project varied. Mr. Bob

Schiro, WisDOT Radiation Safety Officer, was inditeo test on all projects to ensure
compliance with QMP test procedures, and to proadeitional research data. He was
able to provide data for 27 test sites on the SFRifroject (May 19).

Table 4.3 summarizes the averages with each gaugbd same sites tested, along with
the mean and standard deviation of their differeritee results suggest that gauges were
at or near the tolerance of 1.0 pcf on most preje®ifferent gauges (same model and
different serial number) were used by the contraotothe IH 43 and STH 100 (Ryan
Road) projects, and the mean difference changeudekettest days.

The contractor’s nuclear density gauge on the SIMiarshfield project was an average
of 2.1 pcf lower than the research nuclear dergatyge. As noted earlier, this mix was
coarse graded, and it may have caused problems théthbackscatter procedure to
determine density.
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Table 4.3 Nuclear Density Gauge Comparison

Research Project Research minus Prgject  Project
Gauge Gauge Gaugsd

Project Project Name, NMAS, Comparispn  Average  Ager| Average| Std. Dev. Mode

Index and Test Date Sites, n Pcf pcf pcf pcf
1) (2) 3) 4 5) (6) (7) (8)
1 STH 142 19mm May 12 27 147.7 146.4 11 0.72 C200
1 STH 142 19mm May 12 27 147.7 147.8f -0.1 0.75 wc-
1 STH 142 12.5mm June?7 14 144 .4 143D 1.4 1.11 Cc2po
1 STH 142 12.5mm June9 8 147.1 146.p 1.1 1.28 C2po
2 STH 73 19mm, May 18 24 143.3 144.4 -1.1 0.71 0344
3 STH 64 19mm, May 20 24 145.0 1443 0.7 1.10 C200
4 Marsh Rd 19-mm, May 23 17 147.2) 1455 1.7 1.06 5 C7
5 USH 51 19mm, May 24 18 145.9 144.4 1.2 0.76 T3440
6 IH 43 19mm, June 1 25 150.5 148.] 2.4 0.66 C200
6 IH 43 19mm, June 2 4 149.2 147.7 1* 15 1.16 C200
7 STH 59 19mm, June 3 17 146.2 146.2 0.0 0.86 C2p0
8 STH 100 19mm, June 7 30 147.3 146.8 1.4 1.32 Ci15
8 STH 100 12.5mm, June8 5 144.1 143.p 1.1 0.64 C15
8 STH 100 12.5mm, June9 5 148.1 144.2|* 3.9 1.50 75C
9 STH 23 19mm, June 29 15 146.5 146.p 0.5 1.07 C2po
9 STH 23 19mm, June 30 6 144.3 143.5 0.8 1.47 C2p0
9 STH 23 12.5mm, July 18 20 145.7 146.% -0.9 0.67 200C
10 |STH 35, 19mm, June 30 21 145.9 1466 -0. 0.76 3440
10 |STH 35, 19mm, July 5 5 145.5 145.( 0.5 0.77 MCil
10 |STH 35, 12.5mm, July 14 19 144.1 144.2 -0.] 1.220 T3440
10 |STH 35, 12.5mm, July 15
11 Merrill Ave, 19mm, July 5 12 1425 141.9 0.6 D.7 C200
11 | Merrill Ave, 19mm, July 6 17 144.5 143.7| 0.8 D7 C200
12 | STH 54/73, 19mm, July 7 8 147.7 147.4 0.3 1.33 30a@
12 | STH 54/73, 19mm, July 8 8 144.2 143.8 0.4 0.75 30aC
13 |CTHF, 19mm, July 8
13 |CTHF, 12.5mm, July 20
13 |CTHF, 12.5mm, July 21
14 |STH 13, 12.5mm, July 18
14 |STH 13, 12.5mm, July 19 4 146.6 146.4 0.2 0.55 200C
14 |STH 13, 12.5mm, July 20 3 1420 141.y 0.2 0.70 20aC
15 |STH 13, Mar.19mm, July 22 10 146.7 144.5 2.1 62.8 C200
16 |STH 16, 19mm, July 28 4 150.9 150.5 0.4 0.80 C76
16 |STH 16, 19mm, July 29 5 149.2 148.5 0.7 1.67 C76

* CPN MC-1 gauge operated by Bob Schiro, WisDOT.
** Different gauge used within a project (same modéferent serial number)
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4.4 Comparison of Nuclear and Non-Nuclear Density Gauges

Table 4.4 provides a comparison of average noneaunctiensity readings with the
research nuclear gauge (CPN MC-3 Serial #M391105378uclear readings were
obtained with a standard 4-minute test, and nomeangauges used the average of 5
cluster points (1 at the center, and 4 corner panthe rectangular nuclear density gauge
base).

The field study began using the CPN MC-3 nucleargga PQI 301, and PaveTracker
2701B. On June 1, Payne & Dolan allowed the refetgam to use their PQI Model

#300, beginning with the IH 43 project. Then one@ at the start of testing on the STH
59 project, the PQI Model #301 had an electricdufa and was not operable. A
replacement gauge was sent the following weekefstirtg on the STH 142 and STH 100
projects, however, the replacement gauge also redffan electrical failure. The

replacement was sent back to Transtech, and theakiPQl Model #301 was repaired
and sent back to the research team, with testisgmig on the STH 23 and STH 35
projects. Empty cells in Table 4.4 indicate theigg was not operated on the given
project.

A consistent finding was a bias between nuclearraomdnuclear gauges, and a change in
bias within a project between days or a differemt type. All non-nuclear models
consistently read lower than the nuclear gaugel Nwqalel #301 consistently read 11.2
to 27.2 pcf lower than the nuclear gauge, while RiQdel #300 ranged from 4.2 to 26.6
pcf lower. PaveTracker varied from 1.8 to 17.7. pcf

Within a project, the bias varied between the rarcg|auge and each of the non-nuclear
gauges. For example, on the STH 142 12.5-mm imatbias with the PQI Model #300
varied from 9.4 pcf to 15.9 pcf between June 7 @naespectively. For the same dates,
the Pavetracker bias was 7.2 pcf and 6.5 pcf.
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Table4.4 Nuclear and Non-Nuclear Gauge Comparison

Nuclear Non- Nuclear Gauges Nuclear minus Nop-
nuclear
Project Project Name, NMAS, SitgsGauge| PQI301] PQI300 PaveTrgckeQl301 | PQI 300 PaveTragk.
Index and Test Date n Pcf pcf Pcf pcf pcf pcf pcf

1) 2 ®3) 4 ®) (6) 7 8 9) (10)
1 STH 142 19mm May 12 30 147.8 127.7 141p 20. 6.6

1 STH 142 12.5mm June?7 31: 144\7 1358 1375 - 9.4 7.2

1 STH 142 12.5mm June9 2 145(9 130.p 13914 -t 15.9 6.5

2 STH 73 19mm, May 18 30 143.4 123.] 130.4 20. 13.1

3 STH 64 19mm, May 20 30 144.5 122.9 1326 21. 12.0

4 Marsh Rd 19-mm, May 23 30 146.f 125.9 1378 0.82 8.9

5 USH 51 19mm, May 24 30 145.8 124.9 138.1 20. 7.2

6 IH 43 19mm, June 1 30 150.8 132.] 136.6 148.2 18.2 13.8 2.1

6 IH 43 19mm, June 2 30 148.f 132.4 1376 146.9 16.2 11.1 1.8

7 STH 59 19mm, June 3 3] 145)8 133.F 143(5 - 121 23

8 STH 100 19mm, June 8 32 147)0 127.1 1395 -1 19.9 7.5

8 STH 100 12.5mm, June8 20 145|0 1316 1390 - | 134 6.0

8 STH 100 12.5mm, June9 20 146(4 133)7 1381 - - 127 8.3

9 STH 23 19mm, June 29 3( 145/9 118.f 1193 130.8 7.2 2 26.6 15.1

9 STH 23 19mm, June 30 2 143)7 119.1 119(9 129.3 24.6 23.8 14.4

9 STH 23 12.5mm, July 18 2Q 1457 119.% 122/0 129.6 26.2 23.7 16.1
10 |STH 35, 19mm, June 30 21 145|9 1256 1297 142.4 20.3 16.2 35
10 |STH 35, 19mm, July 5 20 145 124.7 1287 141{1 21.0 17.0 4.6
10 |STH 35, 12.5mm, July 14 3( 14401 1242 1307 439 199 13.4 4.7
10 |STH 35, 12.5mm, July 15 2( 14340 124.5 1265 .a34 185 16.5 5.0
11 | Merrill Ave, 19mm, July 5 20 142.9 118.3 117.9 260 24.5 24.9 15.9
11 | Merrill Ave, 19mm, July 6 30 144.( 118.1] 117.8 286 259 26.2 15.4
12 | STH 54/73, 19mm, July 7 3( 1461 122.1 125]1 334 24.0 21.0 9.8
12 | STH 54/73, 19mm, July 8 2( 1434 121.6 12411 .a34 218 19.3 9.4
13 |CTHF, 19mm, July 8 30 140.% 121.2 122.8 127(4 9.31 17.7 13.1
13 |CTHF, 12.5mm, July 20 10 1458 122.9 1252 31 229 20.6 14.1
13 |CTHF, 12.5mm, July 21 2Q 1436 120.4 1223 a29. 23.1 21.2 13.9
14 |STH 13, 12.5mm, July 18 7 1454 133.9 140/6 141 115 4.8 4.3
14 |STH 13, 12.5mm, July 19 3] 145{1 130.1 13619 149 150 8.2 5.0
14 | STH 13, 12.5mm, July 20 8 142 131.0 138J0 239 11.2 4.2 3.0
15 |STH 13, Mar.19mm, July 22 30 145.0 120.9 122.2 127.3 24.1 22.8 17.7
16 |STH 16, 19mm, July 28 14 1498 126.2 1309 1436 23.6 18.9 6.2
16 |STH 16, 19mm, July 29 30 1487 125.9 1310 1438 22.8 17.7 4.9
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45 Test Blocks

The research nuclear gauge and non-nuclear degaitges measured density of the
Truax Lab test blocks and the single District 4t tekock. The following sections
summarize the results at each location.

451 Truax Lab

Table 4.5 summarizes the results from test blodk3raax Lab on May 23, 2005.
Nuclear density gauge results were the standardndtentest, and non-nuclear results
were the average of a cluster of five readingshat denter and corners of the block
rectangle. The last 3 columns calculate the diffee between the known block density
and the gauge reading. The nuclear gauge waswiitBipcf of the blocks, however, the
non-nuclear density readings were highly variabRQI Model #301 readings ranged
from 16.8 pcf above to 37.9 pcf below the knownckldensity. PaveTracker readings
ranged from 28.6 pcf above, to 22.8 pcf below,kihewn block density.

Table4.5 Truax Lab Test Block Results

Block Block Nuclear PQI 301 PaveTracker  Nuclepr BQ1 | PaveTracker
Number Density Reading Reading Reading Differgrioéference| Difference
pcf pcf pcf pcf pcf pcf pcf
(2) (2) (3) (4) (5) (6) (7) (8)
1 164.5 164.6 126.6 141.7 -0.1 37.9 22.8
2 141.3 142.4 131.9 155.0 -1.1 9.4 -13.7
3 151.5 152.4 140.8 1445 -0.9 10.7 7.0
4 105.5 104.3 122.3 134.1 1.2 -16.8 -28.6
5 156.5 156.7 136.5 157.6 -0.2 20.0 -1.1
6 145.0 145.5 132.7 151.6 -0.5 12.3 -6.6
7 148.0 148.1 134.2 160.5 -0.1 13.8 -12.5
45.2 District 4

Table 4.6 provides results of the research nudeasity gauge and non-nuclear density
gauges at the WisDOT District 4 Lab test blockslaly 7, 2005. Nuclear density gauge
results were the standard 4-minute test, and ncoleauresults were the average of five
readings at the center and corners of the blodiamgte. The last four columns calculate
the difference between the known block density #rel gauge reading. The nuclear
gauge was within 0.4 pcf of the block density, hegrethe non-nuclear density readings
were scattered. PQI Model #301 readings were & Topy, while the PQI Model #300
readings were 1.4 pcf high. PaveTracker readirgyge W0.8 pcf high.
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Table4.6 District 4 Test Block Results

Block | Nuclear| PQI301 PQI300 PaveTragk&tuclear | PQI 301 PQI300 PaveTradker
Density | Readingl Reading Reading Reading DiffereDdéerence Differencel Difference
pcf pcf Pcf pcf pcf pcf pcf pcf pcf
@) 2) 3 3 4 ®) () 8 )
142.0 142.4 135.3 143.4 152.8 -0.4 6.7 -1.4 -10.8

4.6 PaveTracker Comparison between SGC Specimensand Mat

PaveTracker has developed a procedure to measositydef the Superpave gyratory

lab-compacted (SGC) specimens, by placing the gassyesing region upon the

specimen. An investigation was conducted to undedsthe density bias measured on
the lab specimens, and the bias with the nucleasigegauge on the mat. Only the first
two specimens were used in the analysis sincerantipe, they would provide a bias

value for that paving day. Other samples testethersame day provided similar offset
values.

PQI models were not capable of testing the SGCis@es since the 9-inch base
diameter exceeded the 6-inch specimen diametemauttl have measured air density
beyond the specimen width. Several informatioeatimgs with the PQI models yielded
non-nuclear readings about 30 to 40 pcf below BE€ Specimen density.

Table 4.7 summarizes the test results. Columnd&cates that the PaveTracker lab
results were 3.8 to 10.5 pcf lower than the matltegor the same project and mix type.
This finding suggests that the lab-compacted spegsmo not provide a reliable offset
value for use on the mat.
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Table4.7 PaveTracker Mat and Lab Comparison

Mat Results Lab Results
SGC first| PaveTracke Lab Diff.
Nuclear MC-3 minus sample reading on SGC minjs minus
Project| Project Name, NMAS, CPN MC{3PaveTrackerl PaveTracke[ average | SGC specime[BaveTracker Mat Diff.
Index and Test Date pcf pcf pcf pcf pcf pcf pcf
1) (2) (3) 4 5) (6) (7 (8) 9)
1 |STH 142 19mm May 12 147.8 141.2 6.6 153.p 138.4 481 8.2
1 |STH 142 12.5mm June? 144.7 137.5 7.2 149(7 137.4 12.1 4.9
1 |STH 142 12.5mm June9 145.9 139.4 6.5 1492 136.4 12.8 6.4
2 [STH 73 19mm, May 18 143.4 130.4 13.1 1478 127.6 20.2 7.1
3 [STH 64 19mm, May 20 144.5 132.5 12.0 150.6 133.9 16.7 4.7
4 |Marsh Rd 19-mm, May 23 146.7 137.8 8.9 150/6 a37. 12.7 3.8
5 [USH 51 19mm, May 24 145.3 138.1 7.2 151.p 134.1 691 9.7
6 (IH4319mm, June 1 150.3 148.2 2.1 1544 144.3 210 8.1
6 [IH 43 19mm, June 2 148.7 146.9 1.8 1548 146.2 6 8. 6.8
7 [STH59 19mm, June 3 145.8 143.5 2.3 152|3 140.3 211 9.8
8 [STH 100 19mm, June 8 147.0 139.5 7.5 152(2 136.6 15.7 8.1
8 [STH 100 12.5mm, June8 145.0 139.0 6.0 15116 137.5 14.2 8.2
8 [STH 100 12.5mm, June9 146.4 138.1 8.3
9 [STH 23 19mm, June 29 145.9 130.8 15.1 1488 127.9 21.8 6.7
9 [STH 23 19mm, June 30 143.7 129.3 14.4
9 [STH 23 19mm, July 18 145.7 129.6 16.1 149.1 128.2 20.9 4.8
10 |[STH 35, 19mm, June 30 145.9 142.4 3.5 1498 7139. 10.2 6.7
10 |[STH 35, 19mm, July 5 145.7 141.1 4.6 1493 140.0 9.4 4.8
10 |[STH 35, 12.5mm, July 14 144.1 139.4 4.7 147\4 8.43 9.1 4.4
10 |[STH 35, 12.5mm, July 15 143.0 138.0 5.0
11 [Merrill Ave, 19mm, July 5 142.8 126.9 15.9 146.6 122.2 24.4 8.5
11 [ Merrill Ave, 19mm, July 6 144.0 128.6 15.4 146.8 124.6 22.2 6.8
12 [STH 54/73, 19mm, July 7 146.1 136.3 9.8 151{4 4.23 17.2 7.4
12 [STH 54/73, 19mm, July 8 143.4 134.0 9.4 149(3 0.43 18.7 9.3
13 [CTHF, 19mm, July 8 140.5 127.4 13.1 1541 126.5 27.6 14.5
13 [CTHF, 12.5mm, July 20 145.8 131.7 14.1 15115 7.12 24.4 10.3
13 [CTHF, 12.5mm, July 21 143.5 129.6 13.9 15113 7.12 23.6 9.7
14 |[STH 13, 12.5mm, July 18 145.4 141.1 4.3 151)2 6.33 14.8 10.5
14 |[STH 13, 12.5mm, July 19 145.1 140.1 5.0 149)2 493 14.3 9.3
14 |[STH 13, 12.5mm, July 20 142.2 139.2 3.0 1504 7.43 12.8 9.8
15 |[STH 13, Mar.19mm, July 22 145.0 127.3 17.7 154.8 128.4 26.4 8.7
16 |[STH 16, 19mm, July 28 149.8 143.6 6.2 - -
16 |[STH 16, 19mm, July 29 148.7 143.8 4.9 - -

An experiment was conducted to understand the pateifect of moisture after 3 to 5

minutes of water saturation in the bulk specifiawjty procedure. One set of specimens
on each project were tested by the PaveTracker lbefitre and after water saturation.
Table 4.8 summarizes the results between ovenQIpy &nd saturated surface dry (SSD)
condition. The key finding was that the PaveTrackead the specimens 1.1 pcf lower to

5.7 pcf higher after saturation.
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change, and 4 read the specimens lower. Thusnitbe concluded that the added
moisture in the specimens was able to slightlydase the density reading.

Table 4.8 PaveTracker comparison on Oven Dry and Saturated Surface Dry

Specimens
Oven Dry SSD OD minus SYD
Bulk [PaveTrackgPaveTrackgr PaveTracker
Project| Project Name, NMAS, Samplé¢  Density Density Density Density
Index And Test Date I.D. pcf pcf pcf pcf
1) 2 3 4 ©) (6) )
2 [STH 73 19mm, May 18 9-1-C 147.% 125.7 125.9 -0.2
9-1-D 147.9 126.7 126.8 -0.1
3 |STH 64 19mm, May 20 4-1-C 150.4 133.7 134.% -0.8
4-1-D 149.9 131.8 132.3 -0.5
4 Marsh Rd 19-mm, May 23 9-1-C 150.5 139.1 138 1.1
9-1-D 150.1 138.2 138.6 -0.4
5 USH 51 19mm, May 24 3-1-C 151.4 133.9 136.% -2.6
3-1-D 151.4 136 135.6 0.4
6 IH 43 19mm, June 1 13-1-¢ 154.7 143.2 143.8 -0.1
13-1-D 154.2 142 142 0
7 |STH 59 19mm, June 3 1-1-@ 152.6 142.9 142.6 0.4
1-1-D 147.9 136.2 139.6 -34
8 |STH 100 19mm, June 8 2-1-Q 152.1 137.4 138.8 -1.4
2-1-D 152.1 138.3 138.8 -0.5
8 |STH 100 12.5mm, June8 1-1-¢ 151.8 135.2 136)6 4 -1.
1-1-D 151.2 135.6 136.7 -1.1
9 |STH 23 19mm, June 29 12-3-C 149.3 129.4 129.4 0
12-3-D 148.9 128.1 128.8 -0.7
10 |STH 35, 19mm, June 30 2-1-¢ 149.9 140.8 140)1 2 0.
2-1-D 150.0 140.4 141.3 -0.9
10 |STH 35, 19mm, July 5 3-1-C 149.1 137.8 138.8 -1
3-1-D 149.0 138.2 139.9 -1.7
3-2-C 149.4 137.9 140.7 -2.8
3-2-D 149.4 138.3 138.4 -0.1
10 |STH 35, 12.5mm, July 14 1-1-@ 147.4 136 136 0
1-1-D 147.3 135 137.6 -2.6
1-2-C 148.5 136.6 137 -0.4
1-2-D 148.2 138.1 138.5 -0.4
11 |Merrill Ave, 19mm, July % 2-2-C 147.0 123.2 123.8 -0.6
2-2-D 146.2 121.9 122.3 -0.4
12 |STH 54/73, 19mm, July ¥ 1-1-@ 151.¥ 132.7 133.6 -0.9
1-1-D 151.4 133.9 134.9 -1
13 |CTH F, 19mm, July 8 14-1-C 152.2 122.4 127.6 2-5.
14-1-D 154.1 121.8 127.5 5.7
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CHAPTER 5 ANALYSISOF FACTORS
5.1 Introduction

This chapter investigated the affect of factors,variables, on non-nuclear density
readings. The previous chapter found that the ameemon-nuclear density readings
fluctuated relative to the nuclear readings botltwben and within projects. The
breakdown of the data into simple summary statisticd not have the capability to
determine what factors impacted the readings. éfbe¥, a formal, statistically-valid

determination was necessary.

5.2 Analysisof Variance

Analysis of variance (ANOVA) methods were used tetedmine which variables
influenced changes in both nuclear and non-nudeasity readings, aside from changes
in the actual pavement density itself. ANOVA cataidmine if the mean level within a
specified feature of interest is different or nat.( aggregate source, NMAS, or any other
meaningful feature). There are three fundamegpss of ANOVA available, including
the Fixed Effects Model (Model I ANOVA), the RandoEffects Model (Model I
ANOVA), and the Mixed Model, that uses a combinataf fixed and random effects.
For this study, the Random Effects Model was mqgir@priate since there were no
specific treatments, or conditions, applied to prgject variable. Adjustments in these
variables were random in nature, and not spedfiadtered or adjusted to understand
their effect. Three variables that were constatttiwa particular project mix, but varied
between projects, included: (1) aggregate sourcanitg, gravel, and limestone), (2)
NMAS (12.5mm or 19mm), and (3) ESALs in milliong B020-year design life (0.3, 1, 3,
10, and 30).

A hypothesis test was used to determine if the ne@agl among any number of variables
was significantly different or not. The null hypesis, K, hypothesized they were not
different, while the alternative hypothesis,,Hiypothesized they were different:

Ho: Features are not different (mean difference = 0).
Ha: Features are different (mean differesd@).

Two standard statistics were calculated and usedetermine significance: (1) F-ratio

and (2) p-value. The F-value calculated the raficmean variances “between” features
and “within” features, and was then plotted on thRalistribution to determine a

probability level of significance, or p-value. Hid--ratios yielding p-values equal to or
less than a traditional value of 5% would indicthte null hypothesis should be rejected.
Equation 5.1 shows how the F-value is calculatedguhe mean squares (MS), or the
average variance of “between” and “within” features
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_ MS(BetweenrFeature)
eature— B T < awssaaraaaans (51)
MS (Within Feature)

The SASM statistical software package was used to perftrenANOVA calculations.
The output provided two measures for the mean squaihen the variable was entered
first in the calculation (Type ), and when it wastered last (Type Ill). Type Il
provided the most rigorous hypothesis test sincstrabthe variability has been assigned
to the previously entered variables, and only #m®aining unexplained variation was
accounted for by the last variable. For that reasbype Il Sum of Squares, and
resulting Mean Squares, was used in the F-ratioutaion. Then, p-values were
assigned to the F-ratio based on the sample stzeegrees of freedom, or pieces of data
used in determination minus one for the mean itsé&lfaditionally, a 0.05 cutoff value
would be used to determine significance. Howeirerthis analysis, four probability
ranges were reported to assess the relative defjgegnificance, including: (1) less than
0.01, (2) between 0.01 and 0.05, (3) between M@3&l, and (4) greater than 0.1.

5.3 Resultsof ANOVA for All Project Gauges

Table 5.1 provides the ANOVA results for each Malean explaining variation in mean
nuclear and non-nuclear density readings, excepth® actual change in density of the
pavement itself. The table provides the variabdanple size, degrees of freedom, and p-
value range. The maximum number of test siteka@nstudy was 876, tested by both the
project nuclear gauge (CPN MC3) and PaveTrackeshasn in Columns 3 and 5. In
Columns 4 and 6, each gauge included the PQI nmeistnd temperature readings in the
analysis, and the number of test sites was redic®d6. This reduction was the result
of not having the PQI 300 and PQI 301 operatingibri6 projects. The PQI 300 and
PQI 301 gauges tested 693 and 722 test sites ctesgg, and 546 test sites mutually.

Results for the MC3 and PaveTracker gauges, bdthamd without the temperature and

moisture readings, were inconsistent, indicatirgyitistability of testing the variables on
different projects. The following sections analyzke significant variables.
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Table5.1 ANOVA Resultsfor Variation of Nuclear and Non-Nuclear Readings

Variable DF, | CPNMC3 CPN MC3 PaveTrackBaveTrackerPQIl 300PQI 301
N Without With Without With
Moist/Temp| Moist/Temp Moist/Temp Moist/Temp
@) ) 3) 4) () (6) @) (8)
Sample Size 876 546 876 546 693 722

Moisture PQI300 1 N/A Not Sig. N/A Not Sig.| Not Sjg N/A
Temperature PQI300, F 1 N/A * N/A ** i N/A
Moisture PQI301 1 N/A Not Sig. N/A i N/A ok
Temperature PQI301, F 1 N/A Not Sig. N/A Not Sigl. /AN | ***
NMAS, mm 1 Not Sig. Not Sig. i * i *
Aggregate Source 2 Not Sig *x ek rrk il ok
ESAL 20-year (x 19) 4 Not Sig. e kk kk il il
Reqd. Min. Density, pcf 1 * Not Sig. Not Sig NagS *rx i
Gmm 1 * Not Sig. Not Sig. i Not Sig. ***
Gmb 1 Not Sig. Not Sig. i Not Sig. | Not Sig. ***
Pass'ng NO4 S|eve, % 1 *k*k *k% *kk *kk *kk *kk
Lab Air Voids, % 1 ok Not Sig. ok rkk ok ok
Asphalt Content, % 1 Not Sig. i * ** i *rx
Aggregate BSG 1 rrk Not Sig. york ek il rrx
Aggregate GSE 1 Not Sig. *x Fork rork *rx *hx
Layer Thickness, inches 1 Not Sig, Not Sig. i N&ig. * i
*** Highly significant, p-value < 0.01
** Moderately significant, 0.01 =< p-value < 0.05
* Marginally significant, 0.05 =< p-value < 0.10
Not Sig. Denotes Not Significant, p-value > 0.10

5.3.1 Passing No. 4 Seve

Figure 5.1 provides a scatter plot of individuattsite results for percent passing No. 4
(P4) sieve and density readings of the four gaugekis figure shows that test sites
having a coarser surface (lower P4) generally loacet density values. This was the
case on two coarse-graded projects in the studi# ETh Marathon County and STH 13
northeast of Marshfield. This finding is supporfeain basic summary statistics where
the nuclear gauge was 7.1 pcf and 4.1 pcf lowen tha cores, respectively. On the
more fine-graded projects, the nuclear gauge rafrged 3.7 pcf higher to 2.2 pcf lower
than cores. Thus, it can be concluded that nu@edrnon-nuclear gauges tend to read
density lower on coarse-graded mixes, where P4betasv 40%.

Another interesting finding is the relative difface in density among the gauges. The
nuclear gauge read higher than the PaveTracker,3B@land PQI 301, in descending
order, respectively. All gauge readings were raadmgs with no offset or adjustment
applied during field testing.
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Effect of Passing No. 4 on Readings
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Figure5.1 Effect of Passing No. 4 Sieve on Density Readings

5.3.2 Lab Air Voids

Figure 5.2 plots the average percent lab air vimd3GC specimens for that day’s paving
against the density readings of the four gaugekis figure shows that test sites with
lower air voids generally had higher density valuekhis was a common finding on
many projects where lower air voids, in generdipvalhigher density for equivalent
compaction effort. Similar to Figure 5.1, the dmsting order of density among the
gauges was the nuclear MC3, PaveTracker, PQI 3@0P&I! 301, respectively.

Effect of Lab Air Voids on Readings
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110
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Lab Air Voids, %

Figure5.2 Effect of Lab Air Voidson Density Readings
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5.3.3 Aggregate Bulk Specific Gravity

Figure 5.3 shows the relationship of aggregate kpkcific gravity (BSG) with density
readings of the four gauges. This figure showsupward trend in density to a BSG
value of about 2.700, then slightly lesser valu@shigher specific gravity values. Thus,
readings appeared to be project dependent and basadterial bulk density. Similar to
previous plots, the respective descending ordeensity readings among the gauges was
nuclear MC3, PaveTracker, PQI 300, and PQI 301.

Effect of Agg. BSG on Readings

170
160
9 150 - ¢ DensMC3
S B DensPT
2 140 -
A Dens300
g 1307 Dens301
120 - N
110 ‘ ‘ ;

2.600 2.650 2.700 2.750 2.800
Aggregate BSG

Figure 5.3 Relationship of Aggregate BSG on Density Readings

5.3.4 Aggregate Source

Figure 5.4 shows the relationship of aggregatecgowith density readings from the four
gauges. It appeared that source had an effedh, gvanite producing lower density
readings; however, two granite-sourced projects bearse-graded mixes that were
previously determined to yield lower readings. 3hthe true effect of granite-sourced
mixes was confounded with coarse graded mixes bad4hless than 40%.
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Effect of Agg. Source on Readings
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Figure 5.4 Relationship of Aggregate Source on Density Readings

In an effort to remove the confounding effect cdirgte-source and coarse-graded mixes,
the coarse-graded granite mixes were removed fr@arabalysis with results shown in
Figure 5.5. The granite-sourced mixes generaltyabower density than both the gravel
and limestone mixes. However, most granite-soutd®tA mixtures in Wisconsin are
known to have a lower Gmm value. This is showRigure 5.6. Thus, aggregate source
was a contributing effect on lower density readjrigg lower Gmm also was an effect.

Effect of Fine-Graded Sources on
Readings

160
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S 140 8 " | = DensPT
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Source: 1=Granite 2=Gravel
3=Limestone

Figure5.5 Relationship of Fine-Graded Aggregate Sour ces on Density Readings
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Fine-Graded Aggregate Source vs. Gmm
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Figure5.6 Gmm Project Values based on Aggregate Source Type

5.3.5 Temperature

Figures 5.7 and 5.8 show the scatter plot for #lationship of mat temperature with

density for the PQI 300 and PQI 301, respectively.clear trend was not present to

produce a significant effect, however temperatless than 80F and greater than 150F
had slightly lower densities.

PQI300 Temp-Density

Density, pcf

50 100 150 200

Mat Temperature, F

Figure5.7 PQI 300 Temperature-Density Relationship
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PQI 301 Temp-Density

Density, pcf
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Finish Temperature, F

Figure5.8 PQI 301 Temperature-Density Relationship

5.4 Resultsof ANOVA for Difference between Nuclear and Non-Nuclear Gauges

From findings in the previous chapter, there wasmsistency between the difference in
nuclear and non-nuclear gauges both between améhwitojects. Thus, an analysis of
variance was conducted to understand what varidizles an effect so that they can be
managed in a test procedure.

Table 5.2 provides the ANOVA results for each Jasleaas measured against the
variation in difference between the research nudaige, and each of the three non-
nuclear gauges. Columns 3 and 4 provide the sefuitthe PaveTracker both without
and with the PQI moisture and temperature readiegpectively.

Several variables affected the difference betwbemticlear and all non-nuclear gauges,
including aggregate source, ESALs, P4, voids, dspbatent, aggregate BSG and GSE,
and pavement layer thickness. Both temperaturenavidture were significant for both
PQI models. An investigation of these variablgsrevided in the following sections.
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Table5.2 ANOVA Resultsfor Difference of Nuclear and Non-Nuclear Readings

Variable Degrees qf PaveTracker| PaveTracker PQI 300 PQI 30
Freedom, n Minus MC3 Minus MC3 | Minus MC3 Minus MC3
No Moist/Tempw/ Moist/Temg

1) (2) 3) 4) 5 (6)
Sample Size 876 546 693 722
Moisture PQI300 1 --- Not Sig. rrk ---
Temperature PQI300, F 1 Not Sig. i
Moisture PQI301 1 i ik
Temperature PQI301, F 1 Not Sig. -—- *x
NMAS, mm 1 rkk Not Sig. ok **
Aggregate Source 2 ok il ol rrk
ESAL 20-year Design (x £ 4 i i i b
Reqd. Minimum Density, pcf 1 i Not Sig. *x i
Gmm 1 Not Sig. il * Not Sig.
Gmb 1 i Not Sig. Not Sig. *rx
Passing No.4 Sieve, % 1 el * i rrk
Lab Air Voids, % 1 ok ok ok *
Asphalt Content, % 1 * i o **
Aggregate BSG 1 *kk *kk *kk *
Aggregate GSE 1 *kk *kk *kk *kk
Layer Thickness, inches 1 i Not Sig. i **

*** Highly significant, p-value < 0.01

** Moderately significant, 0.01 =< p-value < 0.05
* Marginally significant, 0.05 =< p-value < 0.10
Not Sig. Denotes Not Significant, p-value > 0.10
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5.4.1 NMAS

Figure 5.9 illustrates the relationship of NMAS hvihe difference in density readings
between the nuclear gauge and three non-nuclegegaulrhe PaveTracker read closer to
the nuclear gauge with larger, 19-mm NMAS mixesilevhoth PQI models had a slight
increase in the difference with NMAS.

NMAS and Difference of Readings
z 40
e 30 p
a 20 ' + MC3-PT
=3 o ¥ 1 = MC3-300
= ' L MC3-301
o 0
L
5 -10 w

10 15 20

NMAS, mm

Figure 5.9 Relationship of NMAS and Difference of Density Readings

5.4.2 Aggregate Source

Figure 5.10 shows the relationship of aggregatecsowith the difference in density

readings. The greatest difference for PaveTraakerPQI 300 was on granite-sourced
mixes, while the PQI 301 had a lesser differenceg@vel-sourced mixes. This is an
important finding since the difference between eacland any non-nuclear gauge
models are project specific.
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Source and Density Difference
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Figure5.10 Relationship of Source and Difference of Density Readings
5.4.3 ESALs

The relationship of design ESALs with the differenia density readings is shown in
Figure 5.11. A reduction in the difference occdras the design ESALs increased for all
models. A reason for this decreased differencéddoe from a combination of variables,
such as angularity of aggregates, compaction léagdr thickness, and/or asphalt content
(higher percentage with finer, lower ESAL mixes)This finding implies that the
difference between nuclear and non-nuclear gaugdelmas both project specific and
mixture specific, where a test procedure shoulchagkedge the presence of different
ESAL mixes on a given project. For example, tHeedence for E-30 mainline pavement
and E-0.3 shoulders must be treated separately.

ESALs and Density Difference

g 40
e { ‘
S o [ ’ | eMC3-PT
= ok . . mMC3-300
2 i| l MC3-301
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DG:J '10 T I |
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Design ESALs, x10"6 count

Figure5.11 Relationship of Design ESAL s and Difference of Density Readings
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5.4.4 Passing No.4 Seve

The scatter plot for percent passing the No.4 s{Bv¢ and difference in density readings
is presented in Figure 5.12. The difference betwtbe nuclear and non-nuclear gauges
was generally greater for coarse-graded projeckerevP4 was less than 40%. The
reason for this difference may be from the mannexhich nuclear gamma rays or non-
nuclear electro-conductivity interact with void spa in the pavement.

Passing No.4 Sieve and Reading
Difference

* MC3-PT
= MC3-300
MC3-301

pcf

Reading Difference,

30 40 50 60 70 80

Passing No.4 Sieve, %

Figure5.12 Relationship of Passing No.4 Sieve and Difference of Density Readings

5.45 Lab Air Voids

Lab air voids did not have a definitive trend widspect to the difference in readings, as
illustrated in Figure 5.13. For the PaveTracked-mange void values near 4% produced
lower differences than lower or higher void valud$he ANOVA was able to detect the
mean shift among gauges, however, lack of trenddvoake it difficult to manage this
variable in a test specification.
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Lab Air Voids and Reading Difference
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Figure5.13 Relationship of Lab Air Voids and Difference of Density Readings

5.4.6 Asphalt Content

The scatter plot of asphalt content (AC) and tlifeidince in readings is shown in Figure
5.14. A clustering of similar difference valuescooed for AC percentages between
4.5% and 5.5%, while greater mean differences viarad for lower percentages. The
ANOVA procedure was able to detect this mean dfiee, and a possible explanation
may be the effect of the dielectric constant. Makie provides an index for the ability
of a material to transmit electrical fields. Digigc constant values reported in the
literature include: Air = 1, Asphalt Concrete =8, and Water = 80. A lesser asphalt
content may cause the non-nuclear readings to tiepar nuclear density readings.

Asphalt Content and Reading Difference
G 35
2
2 2 ¢ MC3-PT
b e Vo
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Figure5.14 Relationship of Asphalt Content and Difference of Density Readings
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5.4.7 Aggregate BSG

The relationship of aggregate bulk specific grayB$G) and the difference in readings
is shown in Figure 5.15. There appeared to bedact®n of the difference with an

increasing specific gravity, however, three higledfic gravity values had a relatively
large difference. The ANOVA procedure detectedemmdifference among BSG values,
however, the difference lacks a definitive trend.

Aggregate BSG and Reading Difference
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Figure5.15 Relationship of Aggregate Bulk Specific Gravity and Difference of
Density Readings

5.4.8 Pavement Thickness

Figure 5.16 shows an upward trend between paveimérkness and the difference
between nuclear and non-nuclear readings. Therdiite increased as the pavement
thickness increased, possibly the result of the-merlear gauge having a stronger
tendency to measure the base material under thlagers. This finding suggests that
the pavement layer thickness should be fairly cdast for a field test procedure.
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Pavement Thickness and Reading
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Figure5.16 Relationship of Pavement Thickness and Difference of Density
Readings

5.4.9 Temperature

Figures 5.17 and 5.18 show the relationship of t@aiperature with density difference
for the PQI 300 and PQI 301, respectively. ForRigd 300, as temperatures increased
from 120 to 180F, there was an increase in theemiffce, however, a cluster with no
trend was observed below 120F. This suggestsnibrainuclear QC testing behind the
breakdown roller with the PQI 300 may yield a geeatifference with a baseline nuclear
reading, than testing behind the cold roller. Hegeno visible trend was observed with

the PQI 300.
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PQI 300 Temp and Density Difference
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Figure5.17 PQI 300 Relationship of Temperature and Difference of M C3 Density
Readings

PQI 301 Temp and Density Difference
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Figure5.18 PQI 301 Relationship of Temperature and Difference of M C3 Density
Readings

5.4.10 Moisture

Figures 5.19 and 5.20 show the relationship of tamsreadings with the nuclear density
difference for the PQI 300 and PQI 301, respectiv@lhere was a clear downward trend
as the moisture value approached an index valu®.ofManufacturer literature for both
PQI models state that moisture readings shall noeexd 10 to achieve a valid test (PQI
2003). Thus, in the new test procedure, this requent must be upheld to ensure valid
non-nuclear readings.
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Figure5.19 PQI 300 Relationship of Moisture and Difference of MC3 Density
Readings
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Figure5.20 PQI 301 Relationship of Moisture and Difference of MC3 Density
Readings
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5.5 Summary of Factors Analysis

The analysis determined that several factors atecton-nuclear readings, and thus,
should be managed in a test procedure. Since wiatese factors are project specific,
the test procedure must be conducted uniquely doh groject to offset or block the
effect of the factors. A standardized value faspecific variable is not recommended
since a consistent mean difference was not founcedeh. For example, on granite-
sourced projects an offset of 1 pcf, or some otla&re, would be applied.

The analysis also confirmed that moisture valuesHQIl models must be below an

indexed value of 10, as stated in manufacturermecendations. The value must be
strictly enforced to achieve a consistent diffeeemath the nuclear density gauge, and to
yield valid tests for standard pavement testinghe Tollowing chapter investigates

procedures to be used on a given project.
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CHAPTER 6 INVESTIGATION OF CALIBRATION PROCEDURES

6.1 Introduction
The previous chapters determined that a projeatHspedest procedure is necessary to
calibrate the non-nuclear gauge for a given projdct this chapter, several calibration

procedures are first proposed, then an analysestigates the most effective methods for
a test specification.

6.2 Calibration Procedures

Potential calibration procedures and preliminangystderations and recommendations are
enumerated in Table 6.1.

Table 6.1 Potential Calibration Procedures

Index Procedure Considerations and Recommendation
1) 2) 3)
1 | Do Nothing. Use « Mean difference between non-nuclear and non-nuclear
Non-nuclear gauge gauge varies between and within projects.

directly after start-up. | « Non-nuclear gauge generally reads lower than nuclea
gauge from 1 to 27 pcf.
» Procedure not recommended.

2 | Test Blocks * Non-nuclear readings were scattered and inaccyratel
measured test block density.

* Truax Lab - PQI Model #301 readings ranged from 37,9
pcf below to 16.8 pcf above to the known block dgns

* Truax Lab - PaveTracker readings ranged from 28.6 p
above to 22.8 pcf below.

» Procedure not recommended.

)
—h

3 | Manufacturer * Only available with PaveTracker model.

Reference Block « Although the PaveTracker model was able to measurg
the manufacturer reference block withi®.2 pcf after a
half day of testing, it was unable to calibrateoffset to
the specific mat.

» Procedure not recommended.

1%

4 | Superpave Gyratory | « Only available with PaveTracker model.

Compactor (SGC) + PaveTracker read the SGC specimens from 3.8 to

Specimens 10.5pcf lower than the nuclear density gauge oftset
the same project and mix type.

* Lab-compacted specimens do not provide a reliable
offset value for use on the mat.

» Procedure not recommended.

5 | Nuclear Density « Mean difference varies between and within projects.
Gauge  Investigation of procedure recommended.
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From this table, investigation of only one calibwat procedure is recommended —
calibration to the nuclear density gauge. The rofftecedures, including “do nothing”,
test blocks (Truax Lab or District Lab), manufaetureference block, and Superpave
gyratory specimens, do not have the capability mvige a reliable calibration offset.
Prior data analysis support this conclusion. Thas,the following sections, the
calibration procedure using the nuclear densityggas investigated.

6.3 Development of Calibration Procedures

The goal in development of the calibration procedwas to compare the non-nuclear
density reading from each device against the cporeding nuclear density readings, then
estimate the error magnitudes and develop coroeigtior each device. The correlations
developed will essentially form the adjustment dastrequired to determine in-situ
density comparable to the nuclear gauge readintjsnaa tolerable accuracy level.

Previous tables in the report have grouped datardyects. However, for the purpose of
analyzing mean densities and variations, the date wplit by mix design and each day
of paving. Table 6.2 presents the calculated na@anstandard deviation of the densities
measured with the nuclear and non-nuclear gaugesed&sh project. Each mix
identification (ID) in Table 6.2 refers to a uniqwembination of highway number,
NMAS, aggregate source, and HMA layer. Note thasé results refer to the data from
the overall project, but are grouped by each datesting to reflect changes in density
values and resulting standard deviation with eahaf paving. Further, the data from
roller compaction sites are grouped separatelgdch project. The number of test points
included in the computation of the average anddstah deviation values is tabulated
along with other project details such as route nrenntest date, NMAS and aggregate
type. It is of interest to note from the data préed in Table 6.2, that in more than 81
percent of the test sites, and in 77 percent ofdler compaction test sites, the standard
deviation in the density measurements are highethi® nuclear gauge than for the non-
nuclear gauges.

During the data collection process, testing at daeh site within a project included 1
nuclear gauge reading and 5 non-nuclear gaugengsatlustered testing). The standard
deviation of the 5 readings at each test point eedsulated to assess the repeatability of
measurements using the non-nuclear gauge. The ofigdha standard deviation at each
test point for each mix ID is reported in Table,&®ng with the overall mix ID standard
deviation from the nuclear gauge readings. Figuteprovides a graphical illustration of
this data.
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Table6.2 Summary of Density Measurementsfor Each Mix 1D

Project Details* Nuclear Gauge PaveTracker PQI-300 PQI-301
Std.
Mix Dev. Std. gg\j/ ggﬂ/
ID A B C D| E Mean of Mean | Dev. of | Mean of " | Mean of ’
Mean Means
s Means Means
1 142 5/12 19 2| 3d 147 .9 2.0p 1411 1.90 | 127.0.77
2 142 6/07 12.5 2 3( 144.7 240 1375 1.62 136.1 28 1 . .
3 73 5/18 19 1] 5 142.1 356 1318 2.54 1289 O
3 73 5/18 19 1| 30 1434 1.3b 130}4 1.88 123.1.37 0
4" 64 5/20 19 2| 6 142.7 1.6% 1292 1.36 1284 O
4 64 5/20 19 2| 30 1444 225 132|5 1.46 122.8.53 0
5- 1218 | 5/23 19 3] 10 1434 1.8 132\5 2.10D 124.1.03 1
5 1218| 5/23 19 3| 3( 147.1 239 1378 1.78 125.0.27
6" 51 5/24 125| 3| 5 142.3 1.9Y 132{6 1.04 123.8 240
6 51 5/24 125| 3| 32 1454 231 1381 2.66 125.0.75
7° 43 6/01 19 3| 5 147.2 1.7¢ 1454 1.54 . . 1324 O
7 43 6/01 19 3| 30 150.3 1.99 148|1 2.04 136.6 1/8032.1| 0.87
7 43 6/02 19 3| 30 148.7 2.36 146)9 1.90 137.6 2.31 2.48 0.80
8" 59 6/03 19 3| 5 143.0 210 1418 1.29 . . 126.2 O
8 59 6/03 19 3| 32 145.8 2.30 143|5 1.82 138.7 137 .
9 100 6/08 19 2| 37 147.( 3.06 1395 2.16 127.1 171 .
10 100 6/08 12.5 2 20 145.0 211 139.0 1.50 131.6.71 1 .
10° | 100 6/09 12.5 2| 20 146.4 2.4p 1394 1.70 13B.7 2(21 . .
117 23 6/29 19 3| 6 141.7 1.79 1272 1.48 118.1 0.97 .51180.23
11 23 6/29 19 3| 30 145.9 1.71 1306 1.0P 11p.1 1/0118.5| 0.13
17* 23 6/30 19 3| 20 143.7 1.72 1293 0.94 119.9 166 8.911 0.17
12” 23 7/18 125| 3| 5 143.1 1.5Y 1268 1.19 120.7 0,9918.61| 0.10
12 23 7/18 125| 3| 20 145.7 151 129.3 1.01 121.8 74 0[ 119.4| 0.08
13" 35 6/30 19 3| 5 1445 2.24 140[7 1.34 128.5 2.80 .81240.37
13 35 6/30 19 3| 21 145.9 196 142/4 1.29 12D.3 1/4425.4| 0.20
13 35 7/05 19 3| 20 145.7 228 141)3 2.06 128.6 1.39 452 0.20
14 35 7/14 125| 3| 30 144.1 190 1394 1.36 130.3 18 1 124.1| 0.17
14* 35 7/15 125| 3| 2Q 143 1.16 137|8 1.28 126.3 0/8424.3| 0.25
15 | 5151| 7/05 19 1 20 142.8 218 127.0 2.37 118.0 11 1} 118.3| 0.17
15 | 5151 | 7/06 19 1| 5 141.7 224 126(2 0.92 11y.7 0/5517.61| 0.08
15" | 5151 | 7/06 19 1| 3Q 1444 1.70 128\7 1.26 117.8 0/6718.0| 0.18
16 | 5473| 7/07 19 2 30 146.1 3.00 1346.0 2.36 124.9 63 1| 122.0| 0.27
16" | 5473 | 7/08 19 2| 20 1434 229 133\6 1.5D 12B8.7 1/8921.3| 0.22
17 6 7/08 19 1| 3Q 140.5 4,08 126\7 2.4P 122.6 1/93220.9| 0.36
18 6 7120 12.5 1| 14 145.9 0.8 1314 0.78 125.0 80|4122.9| 0.13
18* 6 7121 12.5 1| 29 143.5 2.85 129|7 2.01 122.3 1/1420.31|] 0.10
19 13 7/18 12.5 2l 7 145 .4 26D 1411 2.40 14p.7 5 2|4133.5| 0.63
19” 13 7/19 12.5 2| 2 146.5 0.0 140|6 1.08 135.6 2/6828.81| 0.60
19 13 7/19 12.5 2| 31 145.1 1.52 140.0 1.73 137.1 252 130.1| 0.30
19° 13 7/20 12.5 2| 8 142.2 1.10 1389 0.98 137.5 1/0930.61| 0.37
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1313 | 7/22 19 1 5 137.8 095 124)1 0.76 120.1  0{6219.11| 0.26
1313] 7/22 19 1 30 1450 489 1261 3.98 122.148 2. 120.7 | 0.62
16 7/28 19 3 15 149.4 260 1437 2.3p 130.8 2.23426.1 | 0.34
16 7/29 19 3] 5 1469 2.44 1418 1.78 130.9 1]40 .41250.38
16 7/29 19 3] 30| 148.4 2.8% 1437 2.38 130.7 2/02 5.612 0.29

* A — Highway Route No.; B — Test Date in 2006:- NMAS, mm;

D — Aggregate Source (1=Granite, 2=Gravel, 3=Istore); E — Number of test points.
“ Roller Compaction sites
# Repetition at test site following day
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Table 6.3 Standard Deviation Comparison of Nuclear Readings and Non-Nuclear

Cluster
Project Details* Project Std.| Sub-site Average S_td. Dev. from
Dev. cluster testing)
Mix ID Nuclear PQI-
A B C D E Gauge, PaveTracker PQI-30(
MC3 301
1 142 | 5/12 19 2 30 2.02 1.11 . 0.77
2 142 | 6/07| 125 2 30 2.40 0.96 0.95 .
3” 73 5/18 19 1 5 3.56 0.70 1.01
3 73 5/18 19 1 30 1.35 1.15 0.59
47 64 5/20 19 2 6 1.65 1.03 0.5
4 64 5/20 19 2 30 2.25 1.24 0.59
5- 1218 | 5/23 19 3 10 1.82 3.02 1.34
5 1218 | 5/23 19 3 30 2.39 1.92 0.68
6” 51 5/24 | 125 3 5 1.97 1.42 0.81
6 51 5/24| 125 3 32 2.31 1.09 0.6y
7" 43 | 6/01] 19 3 5 1.76 1.08 0.77
7 43 6/01 19 3 30 1.99 1.28 . 0.82
7" 43 6/02 19 3 30 2.36 1.50 0.89 0.71
8" 59 | 6/03| 19 3 5 2.10 1.48 . 1.15
8 59 6/03 19 3 32 2.30 1.27 1.09
9 100 | 6/08 19 2 32 3.05 1.16 0.82
10 100 | 6/08| 12.5 2 20 2.11 0.84 0.53
10" 100 | 6/09| 125 2 20 2.42 0.88 0.75 .
11° 23 6/29 19 3 6 1.79 0.97 0.34 0.38
11 23 6/29 19 3 30 1.71 0.89 0.53 0.27
11 23 6/30 19 3 20 1.72 0.86 0.55 0.32
12° 23 7/18 | 12.5 3 5 1.57 0.75 0.45 0.2p
12 23 7/18| 12.5 3 20 151 0.61 0.52 0.19
13° 35 6/30 19 3 5 2.24 1.65 1.22 0.7%
13 35 6/30 19 3 21 1.96 121 0.78 0.45
13 35 7/05 19 3 20 2.28 1.09 0.61 0.43
14 35 7/14| 125 3 30 1.90 0.76 0.67 0.39
14 35 7/15| 125 3 20 1.16 1.07 0.58 0.3/
15 5151| 7/05 19 1 20 2.18 0.71 0.48 0.29
15- 5151 | 7/06 19 1 5 2.24 0.52 0.34 0.2
15" 5151 | 7/06 19 1 30 1.70 0.60 0.32 0.28
16 5473 | 7/07 19 2 30 3.06 1.16 0.76 0.48
16" 5473 | 7/08 19 2 20 2.29 1.23 0.79 0.477
17 6 7/08 19 1 30 4.08 2.55 1.27 0.8
18 6 7/20| 12.5 1 10 0.82 0.71 0.61 0.36
18" 6 7/21 | 12.5 1 20 2.85 0.79 0.41 0.23
19 13 7/18| 12.5 2 7 2.60 1.39 2.49 1.11
19° 13 7/19 | 125 2 2 0.07 2.35 0.51 0.58
19 13 7/19| 125 2 31 1.52 1.20 0.98 0.58
19" 13 7/20 | 12.5 2 8 1.10 1.26 0.86 0.7p
20" 1313 | 7/22 19 1 5 0.95 1.24 1.08 0.74
20 1313| 7/22 19 1 30 4.89 2.63 1.35 0.89

58



21 16 7/28 19 3 15 2.60 0.92 0.77 0.50

21° 16 7/29 19 3 5 2.44 1.17 0.94 0.56

21" 16 7/29 19 3 30 2.85 1.18 0.77 0.51

* A — Highway Route No.; B — Test Date in 2006:- NMAS;mm;
D — Aggregate Source (1=Granite, 2=Gravel, 3=Istoee); E — Number
of test points.
Y Roller Compaction sites
* Repetition at test site following day
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Figure6.1 Standard Deviation Comparison of Nuclear Readings and Non-Nuclear
Cluster

The distribution of the average standard deviatiomsasured with the non-nuclear
density measuring devices in the cluster tests weveloped for each mix ID. A sample
is shown in Figures 6.2 and 6.3 for the mixes idiedtwith ID #1 and #17, respectively,
using data from Tables 6.2 and 6.3. In general standard deviation values for cluster
tests did not show a particular trend across devide some cases, Pavetracker produced
smaller spread in the results, while the PQI 3@iwsd a smaller dispersion in others.
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Figure 6.2 Frequency of Standard Deviation in Clustered Testing for Mix #1
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Figure 6.3 Frequency of Standard Deviation in Clustered Testing for Mix #17

Next, the mean density values measured using tmenuoclear density gauge were
compared against the nuclear gauge readings asmnshdwgures 6.4 and 6.5 for mix ID
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#1 and #17, respectively. The plots clearly shioat the increase in non-nuclear density
readings is not at the same rate as the nucleaitgeeadings.

¢ PaveTracker averages @ PQI301 averages —— Line of Equality
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120 I I I I I I
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Devices, Avg., pcf

Figure 6.4 Density Measurement Comparison for Mix #1
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Figure 6.5 Density Measurement Comparison for Mix #17
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Overall, the following observations were made asiiteof the data analysis thus far:

I. In general, the non-nuclear gauge measurementslowees than the nuclear gauge
measurements when a “zero” offset was used in dnenuiclear devices. The non-
nuclear density readings from the gauges were faangke significantly different
from the nuclear density readings for all mix IDs.

ii. Although the data showed a distinct bias as shawirigures 6.4 and 6.5, the
measurements from the PaveTracker were higherttleaRQI measurements (with
zero offset setting). In other words, the PaveReaaead closer to the nuclear
density gauge.

iii. The magnitude of the bias varied with the magnitafiehe density measurement.
In other words, the slope of the nuclear densitiswe the non-nuclear density
gauge was not parallel to the line of equality. H@l readings versus the nuclear
readings had a slightly shallower slope.

iv. The standard deviations of the overall mix ID naclgauge measurements were
higher than the standard deviation of the non-raxctpauge measurements (see
Tables 6.2 and 6.3). These lower standard deuwsitawe supported in Figures 6.4
and 6.5 by the narrower spread of non-nuclear ngadiand inability to keep
“pace” with the nuclear readings as density inadasThis variability will have to
be built into the uncertainty of the mean usedhie procedure to determine the
adjustment factors discussed in Item iii above.

v. The standard deviations of the sub-site densitg dats generally found to have a
normal distribution for the PaveTracker data, Ikeveed for the PQI density data.

6.4 Approach to Calculate Adjustment Factor

The purpose of this section was to develop appaigpadjustment factors to correct the
raw non-nuclear gauge readings to statisticallycim#tte nuclear gauge density readings.
Non-nuclear density readings in Figures 6.4 andsé&uld be shifted upwards so that
they coincide with the line of equality as closaly possible. These factors are average
correction factors that were determined from a ksahple of each mix ID dataset and
verified on the entire data. This process addreske following two critical issues,
which are both interdependent, and are discussttifollowing section:

a) Optimal adjustment function; and
b) Optimal number of calibration points required toelep the adjustment function.

6.4.1 Optimal Adjustment Function

Previous research studies have typically used ditiagl shift to correct the raw non-
nuclear gauge readings to core density (Allen.e2@03). The extent of data collected in
this study made it possible to investigate sevethler options. In addition, the
conclusions listed in the previous section alludl¢hie fact that the correction factor for
each non-nuclear density gauge should incorporatadalitive shift, as well as a slope
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term, to closely match the nuclear gauge readiige goal of the correction factor was
to shift the points in Figures 6.4 and 6.5 towalusline of equality. However, it must be
verified if using a mere additive or a multiplioadi shift will be statistically adequate.
Therefore, the accuracy of three different cormetfunctions was investigated:

1. Intercept — Raw non-nuclear readings are adjusgesinbply adding a constant
correction factor (€), or intercept term, as defined by Equation 6.1:

Corrected Non-nuclear gauge density = Raw non-auckading + € ...... (6.1)

2. Slope — Raw non-nuclear readings are adjusted biyphying a constant
correction factor (), or slope term, as described by Equation 6.2:

Corrected Non-nuclear gauge density#Raw non-nuclear reading ..... (6.2)

3. Slope and Intercept — Raw non-nuclear readingadjtested by multiplying a
slope term (@) and adding an intercept termyjCas defined by Equation 6.3.

Corrected Non-nuclear gauge density#Raw non-nuclear reading +,C...(6.3)

The number of calibration points required to depelre correction factors:Ghrough G
was also a key factor in the overall accuracy efrtiodel, as was the form of the model.
It was also possible that a less accurate modeh fain provide reasonably accurate
results if sufficiently large number of calibratigoints are used in the determining the
correction constants. The research evaluated gdoeserios.

6.4.2 Optimum Number of Calibration Points

In order to establish the correction factors focheanix ID, sets of 3, 5, and 10 random
points were investigated as the number of calibnagioints for field use. The raw non-
nuclear density readings were correlated to theesponding nuclear density readings to
develop the correction factors. This correlatiesulted in different correction factors for
the three different adjustment function types. Towenber of random points selected
from each mix ID for calibrating the non-nucleamuga readings not only control the
accuracy of the device, but also were critical framimplementation standpoint. . The
accuracy in predictions of the three sets were @wat for three different correction
functions. Examples are demonstrated for all 9 lwoations of function type and
number of calibration points using mix ID #17.
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6.5 Intercept Function

6.5.1 Three Random Points for Calibration

From the 30 test points for which companion setwaélear gauge and non-nuclear
gauge readings were available, 3 random points ver@domly selected for establishing
the correction factor, £ A random number generator was used to selectahdom
points throughout this exercise. For this mix BEdes # 20, 25 and 26 were chosen as
shown in Table 6.4. In this table, column A consaihe nuclear gauge readings at each
point, while columns B, C, and D contain the 5 t#ugest readings for each point using
the Pavetracker, PQI 300, and PQI 301, respectiv€lplumns E, F, and G show the
difference in density between the nuclear and naclear gauge readings at each point
using the Pavetracker, PQI 300, and PQI 301, réispbc The mean difference for each
device are listed in the last row of Table 6.4.isTimplies that by adding 14.0 to the
reading from Pavetracker, or 17.5 to the readimgnfthe PQI 300, or 18.2 pcf to the
reading from the PQI 301, the adjusted non-nuctkarsity was close to the nuclear
density reading for this mix ID. These values,014.7.5, and 18.2, form the correction
factor G in Equation 6.1 for the Pavetracker, PQI 300, B 301, respectively. The
accuracy of this predicted value has not yet betabéished and will be discussed in the

ensuing subsections of this chapter.

Table6.4 Establishing correction factor C; for mix I D #17 using 3 random points

Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Test Site Diff in Diff in Diff in
Number | MC3 q PT.t F;QI 3?0 F;QI 3?1 density density density

enstly| density | - density |\ \ic3-p1y | (MC3-300) | (MC3-301)

20 139.8 125.3 121.3 120.2 14.5 18.5 19.6
123.0 120.9 118.8 16.8 18.9 21.0

125.7 121.4 120.7 14.1 18.4 19.1

126.1 122.2 121.4 13.7 17.6 18.4

125.3 122.1 120.7 14.5 17.7 19.1

25 136.1 122.5 119.5 118.9 13.6 16.6 17.2
125.1 122.0 121.1 11.0 14.1 15.0

128.1 120.5 119.7 8.0 15.6 16.4

122.2 121.6 121.5 13.9 14.5 14.6

121.6 119.5 119.6 14.5 16.6 16.5

26 139.5 127.2 121.7 120.7 12.3 17.8 18.8
125.5 121.3 120.4 14.0 18.2 19.1

122.9 119.7 119.4 16.6 19.8 20.1

124 121.1 121.5 15.5 18.4 18.0

122.4 120.4 119.6 17.1 19.1 19.9

Mean difference = correction factog C (fgfbo-r) (folr7?;gO) (folrS?;gl)
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Now, using the aforementioned correction factore tdjusted non-nuclear density

values were calculated for all the 30 points in thix ID and compared against the
nuclear density values as shown in Table 6.5. ,Atstculated were the error term in
each prediction and the squared error term. Tleeage values are reported in the last
row and as indicated the average mean squared aed.5, 178.4, and 828.2, for the
Pavetracker, PQI 300, and PQI 301, respectively.

Table6.5 Error Estimates using I ntercept Function from 3 Random Points

Test Measured density, pcf Corrected density, pcf Error, pcf Squared Error, pcf
Stelmes | PT | Soo | sor | PT | soo | sor | PT | s | o1 | PT| a0 | son
1 146.4 131.3 126.42 123.48 1453 14B8.9 141.7 +1.12.6 -4.7 1.2 158.1 22.
2 142.3 128 122.38 121.36 1420 139.8 159.3 0.3 .81117.0 0.1] 1404 288.
3 147.5| 131.96 127.78 123.85 144.0 14p.2  207.5 -1.53.3| 60.0] 2.4 176.2 3596
4 146.1 128.9 125.06 122.534 1449 14p5 1§2.1 +3.23.6| 36.0/ 10.Z7 18583 1292
5 142.4| 126.36 1226 12084 140.4 14p1 143.5 -2.03.7 1.1 4.1 18715 1.
6 137.9| 126.12 121.68 119(8 140.1 1391 129.2 2230 -87 5.0/ 169.3 75.
7 140.2| 129.18 122.2 121 14312 139.7 15p.4 3.0 10.52.2 8.9 109.7 147.
8 143.0| 128.34 122.62 120.96 142.3 14p.1 181.6 -0.71.7 8.6 0.4 137.% 73.
9 139.1| 1254 122.82 115)2 1394 140.3 40.5 0.3 914.986| 0.1 2213 9722.
10 | 142.8| 129.44 125.0p 122.%8 1434 14R5 182.8 0.63.0| 40.0f 0.4 169.9 1601
11 | 142.6] 128.43 123.1 121.54 1424 14D.6  162.8 -0.22.1( 20.2| 0.0 146.9 406
12 | 144.9| 127.54 123.2 12114 1415 14p.7 160.1 -3.43.1 152 112 172.0 230
13 | 137.2] 121.64 120.84 119.36 13%.6 138.3 120.7 6 [1.16.7| -16.5| 24 2773 271
14 | 141.3| 125.3§ 122.48 120.94 1394 13P.9 1%1.2 9 [1.14.6 9.9 3.7 211.8 97,
15 | 144.1| 126.07 120.y 120.08 14Q.0 13B.2 134.6 -4.12.1 -9.5| 16.6 147.2 90,
16 | 130.4| 123.17 118.28 118.08 137.1 13b.7 96.0 6.72.6 | -34.4( 452 159.1 1180
17 | 140.1| 126.64 123.7p 121.36 140.7 1401.2  1%9.3 0.645( 19.2( 0.3 210. 368
18 | 143.3| 127.84 123.6p 12146 1418 141.1 161.2 5 [1.13.3 17.9 21 176.2 321
19 | 139.5| 125.3% 120.54 120.14 139.3 138.0 13%5.8 2 [-0.12.7 -3.7] 0.0 160.¢ 13.
20 | 139.8( 125.0§ 12158 120.36 139.1 13P.0 140.0 7 [-0.14.0 0.2 0.5 194.7 0.
21 | 140.1| 125.64 120.94 122.%6 139.6 1384 1824 5 [-0.12.8| 423 0.7 1626 1792
22 | 131.8 124.8% 121.9p 120|13 138.8 13Pp.4 138.9 7.04.6 71| 494 2118 49.
23 | 139.3| 126.0d 121.6p 121.04 140.0 13p.1  1%3.1 07¥3.1| 13.8[ 0.5 172.4) 191
24 | 131.7( 121.74 120.6p 11942 13%.7 138.1 121.9 4.06.3 9.8 16.4 266.3 96,
25 | 136.1 123.9 120.62 120.16 1379 13B.1 136.2 1.84.2 0.1 3.3 200.9 0.
26 | 139.5 124.4 120.84 120.32 1384 13B.3 139.2 -1.13.9 -0.3 1.2 193.( 0.
27 | 141.1| 128.47 123.3 121.98 142.4 14pD.8 1113 1.32.3| 30.2 1.8 152.1 909
28 | 139.2 127.7§ 123.1p 120.98 1418 140.6 1%2.0 2.62.8 12.8 6.7 163.7 163
29 | 142.0| 128.76 124.6B 12242 1428 14R.1  179.7 0.83.4| 377/ 0.6 178.8 1424
30 | 1424 129 123.32 121.534 143.0 149.8 162.8 0.6 .8 11204 0.4 138.6 414.
Avg 140.5 126.7 122.4 120.9 14018 140.0 148.3 0.3 13.37.8 6.5 178.4 828.1
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6.5.2 Five Random Points for Calibration

In the next step, 5 random points were investigatedetermine the correction factors

using the intercept function. The process desdribeghe previous section was repeated

using 5 calibration points as shown in Table 6Jhe 5 random points selected were
Sites #1, 4, 10, 28, and 29. The correction fad@r using 5 random points were
determined as 14.1, 18.4, and 20.9 pcf (as opptsei#.0, 17.5, and 18.2) for the
Pavetracker, PQI 300, and PQI 301, respectivelyaiy the measured and predicted
density values were compared and error in prediotistimated as shown in Table 6.7.
Note that these predictions are compared agaimsntitlear gauge reading using the
correction factors shown in Table 6.6.

Table6.6. Establishing Correction Factor, Cy, for Intercept Function using 5
Random Points

Col. A | Col.B Col.C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | MC3 deF;-git F;grl]g?o F;g:}g?l density density density
y y Y| (MC3-PT) | (MC3-300) | (MC3-301)
1 146.4 131.5 125.7 123.6 14.9 20.7 22.8
133.3 129.3 124.8 13.1 17.1 21.6
134.4 126.7 123.6 12.0 19.7 22.8
129.7 124.4 122.9 16.7 22.0 235
127.6 126.0 122.5 18.8 20.4 23.9
4 146.1 134 126.1 123.0 12.1 20.0 23.1
128.4 124.5 122.3 17.7 21.6 23.8
129.8 125.0 122.5 16.3 21.1 23.6
124.4 1235 121.8 21.7 22.6 24.3
127.9 126.2 123.1 18.2 19.9 23.0
10 142.8 131.5 128.8 124.7 11.3 14.0 18.1
135.2 126.1 123.7 7.6 16.7 19.1
127.6 122.0 121.4 15.2 20.8 21.4
126 122.0 121.2 16.8 20.8 21.6
126.9 126.2 121.9 15.9 16.6 20.9
28 139.2 128.5 124.3 121.7 10.7 14.9 17.5
130.4 124.3 122.1 8.8 14.9 17.1
124.8 121.2 119.2 14.4 18.0 20.0
127.3 122.6 121.3 11.9 16.6 17.9
127.9 123.2 120.6 11.3 16.0 18.6
29 142.0 130.1 123.2 122.1 11.9 18.8 19.9
129.6 124.8 122.6 12.4 17.2 19.4
126.5 124.7 122.2 15.5 17.3 19.8
125.9 1255 122.9 16.1 16.5 19.1
131.7 125.2 122.3 10.3 16.8 19.7
Mean difference = correction factor C (f;:ll'al.l_) (folrSP;gO) (fozros;?)l)

66




Table6.7 Error Estimates using Intercept Correction Factor from 5 Random

Points
Test Measured density, pcf Corrected density, pcf Error, pcf Squared Error, pcf
#Jmes) PT | S0 | aor | PT | ao0 | aon | PT | o0 | aor | PT | a0 | aon
1 146.4 131.3 126.42 12348 1434 1449 144.4 +1.03.6 -2.0 1.1 183.9 4.1
2 142.3 128| 122.33 121.36 1421 140.8 142.3 0.2 812 0.0 0.1 164.4 0.9
3 147.5( 131.9 127.78 123.85 144.0 146.2 144.8 -1.54.3 -2.7 2.2 203.3 7.p
4 146.1 128.9 125.06 12254 143.0 148.5 1434 +3.14.6 -2.7 9.8 213.2 7.4
5 142.4( 126.36 122.6 12084 14Q.4 141.0 1414 +2.04.7 -1.0 3.9 215.5 0.p
6 137.9| 126.12 121.68 119(8 14Q.2 14p.1  140.7 234010 2.8 5.2 196.0 7.8
7 140.2( 129.18 122.2 121 1432 140.6 141.9 3.0 11.5 1.7 9.3 131.3 2.9
8 143.0| 128.34 122.62 120.96 1423.4 140.1 1419 -0.62.7 -11 0.4 161.§ 1B
9 139.1 125.4 122.82 1152 1395 141.3 136.1 04 9015 -3.0 0.1 251.5 9.0
10 142.8| 129.44 125.0p 122.%8 1435 143.5 1435 0.74.0 0.7 0.5 196.¢ 0.p
11 142.6| 128.43 123.1 121.84 1435 140.5 1424 +0.13.1 -0.2 0.0 171.4 0.p
12 144.9| 127.54 123.2 1214 141.6 141.6 142.3 +3.34.1 -2.6 10.9 198.4 6.B
13 137.2( 121.64 120.84 119.36 135%.7 130.3 140.3 5 }-1.17.6 3.1 2.2 311.2 9.p
14 141.3| 125.3§ 12248 120.94 1394 140.9 1418 9 |-1.155 0.5 3.4 241.% 0B
15 144.1| 126.0% 120.y 120.08 140.1 13p.1 141.0 +4.03.1 -3.1 16.1 172.] 9y
16 130.4| 123.14 118.28 118.08 137.2 136.7 139.0 6.83.6 8.6 46.0 185. 73p
17 140.1| 126.64 123.7p 121.36 140.7 14p.2 1423 0.65.5 2.2 0.4 240.3 4y
18 143.3| 127.84 123.6p 121.46 1419 14p.1 1424 4 |-1.14.3 -0.9 1.9 203. 0p
19 139.5( 125.32 120.54 120.14 1394 130.0 141.0 1 }-0.13.7 1.5 0.0 186.¢ 24
20 139.8| 125.08 12158 120.36 139.1 140.0 141.3 7 |-0.14.9 1.5 0.4 223.2 2L
21 140.1( 125.64 120.94 122.%6 139.7 139.4 1435 4 }-0.13.7 34 0.2 188. 11B
22 131.8| 124824 121.9p 120|3 138.9 14D.4 141.2 7.155 9.4 50.2 241.5 884
23 139.3| 126.0Q 121.6p 121.04 140.1 14p.1 1419 0.84.1 2.6 0.6 198.4 7.p
24 131.7| 121.74 120.6p 119.42 135%.8 139.1 140.3 417.3 8.6 16.8 300. 748
25 136.1 1239 120.62 120.16 138.0 13p.1 1411 1.95.2 5.0 3.5 229.9 24p
26 139.5 1244 120.84 120.32 138.5 13p.3 141.2 -1.04.9 1.7 1.1 221.4 3.p
27 141.1| 128.4% 123.8 121.98 1435 140.7 1429 1.43.3 1.8 1.9 177 4 3.p
28 139.2| 127.78§ 123.1p 120.98 141.8 14n.6 1419 2.63.8 2.7 7.0 189.94 7.p
29 142.0| 128.7q 124.6B 122.42 14238 143.1 1433 0.84.4 1.3 0.7 206.4 1y
30 142.4 129 123.32 12154 143.1 141.8 142.4 0.7 .82 0.0 0.4 162.9 0.9
Avg 140.5 126.7 122.4 120.p 140|8 141.0 141.8 0.3 14.3 1.3 6.5 205.6 12 4
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The average density, error, and mean squared eweneported in the last row of Table
6.7. The average mean squared error for this k5, 205.6, and 12.4 for the
Pavetracker, PQI 300 and PQI 301, respectively.

6.5.3 Ten Random Points for Calibration

The same procedure was repeated for the calculatitre correction factor Qusing 10
random points from of the 30 test points for mix #27. Table 6.8 calculates the
correction factor using 10 random points. The exiion factors were determined to be
13.8, 18.4, and 19.7, for the Pavetracker, PQI a0a,PQI 301, respectively. As shown
in Tables 6.5 and 6.7 for correction factors deteeah using 3 and 5 random points
respectively, error estimates were made for thee @s well. The mean squared errors, as
reported in Table 6.9, were found to be 6.4, 20&n%, 10.7, for the Pavetracker, PQI 300
and PQI 301, respectively.

Table 6.8. Establishing Correction Factor, C4, for Intercept Function using 10
Random Points

Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | mca | T PRISO0T POISOLY gongiy density density
ensity] density | density 1 \ic3-p1) | (MC3-300) | (MC3-301)

2 1423 | 131.3| 122.7 1213 11.0 19.6 21.0
1264 | 122.6 121.1 15.9 19.7 21.2

1315 | 122.4 1215 10.8 19.9 20.8

126.6 | 1225 121.7 15.7 19.8 20.6

1242 | 1217 121.2 18.1 20.6 21.1

4 146.1 | 134 126.1 123.0 12.1 20.0 23.1
1284 | 1245 122.3 17.7 21.6 23.8

129.8 | 125.0 1225 16.3 21.1 23.6

1244 | 1235 121.8 21.7 22.6 24.3

1279 | 1262 123.1 18.2 19.9 23.0

7 1402 | 129.2| 1234 122.1 11.0 16.8 18.1
1284 | 1215 120.9 11.8 18.7 19.3

1288 | 121.0 120.3 11.4 19.2 19.9

130.4 | 122.8 120.9 9.8 17.4 19.3

1291 | 1223 120.8 11.1 17.9 19.4

11 1426 | 127.1] 1229 1225 155 19.7 20.1
126.9 | 1241 121.9 15.7 18.5 20.7

1255 | 121.1 120.9 17.1 215 21.7

129.87| 122.1 120.0 12.7 20.5 22.6

1328 | 1253 1224 9.8 17.3 20.2

18 1433 | 130 121.2 120.5 13.3 22.1 22.8
1287 | 123.9 121.7 14.6 19.4 21.6

1236 | 123.6 120.8 19.7 19.7 225
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Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | mca | T PRISO0T POISOLI ongiy density density

ensity | density 1 density 1 nc3-p1) | (MC3-300) | (MC3-301)

129.3 124.7 121.8 14.0 18.6 21.5

127.6 124.9 122.5 15.7 18.4 20.8

20 139.8 | 125.3 121.3 120.2 14.5 18.5 19.6
123 120.9 118.8 16.8 18.9 21.0

125.7 121.4 120.7 14.1 18.4 19.1

126.1 122.2 121.4 13.7 17.6 18.4

125.3 122.1 120.7 14.5 17.7 19.1

21 140.1 | 126.4 122.1 125.3 13.7 18.0 14.8
123.7 120.3 121.2 16.4 19.8 18.9

118.6 119.2 119.8 21.5 20.9 20.3

130 121.8 123.4 10.1 18.3 16.7

129.5 121.3 123.1 10.6 18.8 17.0

25 136.1 | 122.5 119.5 118.9 13.6 16.6 17.2
125.1 122.0 121.1 11.0 14.1 15.0

128.1 120.5 119.7 8.0 15.6 16.4

122.2 121.6 121.5 13.9 14.5 14.6

121.6 119.5 119.6 14.5 16.6 16.5

28 139.2 | 1285 124.3 121.7 10.7 14.9 17.5
130.4 124.3 122.1 8.8 14.9 17.1

124.8 121.2 119.2 14.4 18.0 20.0

127.3 122.6 121.3 11.9 16.6 17.9

127.9 123.2 120.6 11.3 16.0 18.6

29 142.0 | 130.1 123.2 122.1 11.9 18.8 19.9
129.6 124.8 122.6 12.4 17.2 19.4

126.5 124.7 122.2 15.5 17.3 19.8

125.9 125.5 122.9 16.1 16.5 19.1

131.7 125.2 122.3 10.3 16.8 19.7

Mean difference = correction factog C (fgfl'ag.r) (folrSégO) (folrg?;gl)

For the intercept function, a plot showing the atts. predicted density at each of the
30 test points in mix ID 17 is shown in Figures théough 6.8 using correction factors
derived from 3, 5, and 10 random points, respelstive
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Table6.9 Error Estimates using Intercept Correction Factor from 5 Random

Points
Test Measured density, pcf Corrected density, pcf Error, pcf Squared Error, pcf
Stelmcs | PT | 55 | aon | PT | 300 | 300 | PT | 300 | aor | PT | 300 | a0t
1 146.4| 131.3| 126.42 123.48 1451 1449 143.2 1.33.6 -3.2 1.6| 183.9 10.9
2 142.3 128 122.38 121.36 14148 140.8 141.1 {05 .81p -1.2 0.2 164.2 1.5
3 147.5| 131.96 127.78 123.85 14538 14p.2 143.6 }1.14.3 -3.9 3.0 203.7 15.9
4 146.1| 128.9| 125.06 12254 142.7 1485 142.3 3.44.6 -3.8 11.4f 213.Q 14.7
5 142.4| 126.34 122.4 120.594 14Q.2 141.0 140.3 2.24.7 -2.1 49| 2154 4.5
6 137.9| 126.12 121.68 119.8 1399 14p.1 1395 [2.04.01 1.6 4.2 195.9 2.7
7 140.2| 129.18 122.2 121 14310 140.6 14p.7 P.8 11.50.5 7.8 131.2 0.3
8 143.0| 128.34 122.62 120.96 142.2 140.1 140.7 10.82.7 -2.3 0.7 161.1 5.3
9 139.1| 125.4| 12282 115.2 1392 141.3 1349 pP.1 91p 4.2 0.0| 2514 17.4
10 142.8( 129.44 125.0p 122.%8 143.3 14B.5 142.3 (0.34.0 -0.5 0.2| 196.4 0.2
11 142.6| 128.43 123.1 121.34 1432.3 1415 141.3 1}0.23.1 -1.3 0.1| 171.% 1.8
12 144.9( 127.54 123.2 1214 1414 1416 141.1 3.84.1 -3.8 12.5( 198.7 14.3
13 137.2| 121.64 120.84 119.36 1355 13P.3 139.17 [1.17.6 1.9 3.0 311. 3.6
14 141.3( 125.3§ 12248 120.94 139.2 14p.9 140.71 {2.155 -0.6 4.4 241.4 0.4
15 144.1| 126.02 120.7 120.08 139.8 13p.1 139.8 1}4.23.1 -4.3 18.20 172.( 18.4
16 130.4( 123.17 11828 118.08 136.9 13b.7 137.8 [6.33.6 7.4 42.8 184.9 54.
17 140.1| 126.64 123.7p 121.36 140.5 14p.2 141.1 |0.455 1.0 0.1| 240.1 1.0
18 143.3( 127.84 123.6p 12146 141.7 14p.1 141.26 {1.14.3 2.1 2.7 203.2 4.4
19 139.5| 125.32 120.54 120.14 139.1 13p.0 139.94 [0.13.7 0.4 0.1| 186.1 0.1
20 139.8( 125.04 12158 120.36 138.9 14p.0 140.19 {0.14.9 0.3 0.8| 223.1 0.1
21 140.1| 125.64 120.94 122.%6 1395 13P.4 142.36 [0.13.7 2.2 0.4 188.7 4.8
22 131.8( 124.82 12192 120.83 138§.6 14p.4 140.0 [6.855 8.2 46.8] 2414 67.9
23 139.3| 126.00 121.6p 121.04 139.8 14p.1 140.8 |0.34.1 1.5 0.3| 198.7% 2.2
24 131.7( 121.74 120.6p 11942 13%6 13P.1 139.2 (3.97.3 7.5 14.9) 299.4 55.1
25 136.1| 123.9| 120.62 120.16 134.7 13p.1 1399 |1.45.2 3.8 2.6| 229.71 14.4
26 139.5( 124.4f 120.84 120.32 138§.2 13p.3 140.1 1.24.9 0.6 1.6| 221.3 0.3
27 141.1| 128.42 123.3 121.98 1423.2 140.7 141.7 |1.13.3 0.6 1.3| 177.3 0.4
28 139.2( 127.74 123.1p 120.98 1416 141.6 140.7 (2.43.8 1.5 5.8 189.9 2.3
29 142.0| 128.7q 124.68 12242 142.6 14B.1 142.2 |0.d4.4 0.2 0.3| 206.1 0.0
30 142.4 129 123.32 121.54 1428 141.8 1413 .4 8 1P -1.1 0.2 162.7 1.3
Avg | 140.5( 126.7 122.6 120.9 1406 141.0 14p.6 D.1 431 0.2 6.4| 205.5 10.71
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Figure6.8 Corrected vs. Actual Density Readingsusing I ntercept Function and 10
Random Points (Mix I D #17)

6.6 Slope Function
6.6.1 Three Random Points for Calibration

As explained in the previous section, this involtiee selection of 3 random points out of
30 (i.e., points # 20, 25, and 26) and establisttegcorrection factor £n Equation 6.2.

In Table 6.10, Column A contains the nuclear gavgmdings at each point, while
Columns B, C, and D contain the raw readings fa& tion-nuclear density gauges
Pavetracker, PQI 300, and PQI 301, respectivelye ratio of the nuclear gauge reading
to the non-nuclear gauge readings are reportedolomms E, F, and G for the
Pavetracker, PQI 300 and PQI 301, respectivelye d¥erage ratio is shown in the last
row and it forms the correction factor to be use@djust the non-nuclear gauge reading
to the nuclear gauge reading.
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Table6.10 Establishing Correction Factor C, for Mix ID #17 using 3 Random

Points
Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Test Ratio of Ratio of Ratio of
Site MC3 deFr)l-git Zgrllg?o Zgrllg?l density density density
y y Y | (Mc3/PT) | (MC3/300) | (MC3/301)
20 139.8 125.3 121.3 120.2 1.12 1.15 1.16
123 120.9 118.8 1.14 1.16 1.18
125.7 121.4 120.7 1.11 1.15 1.16
126.1 122.2 121.4 1.11 1.14 1.15
125.3 122.1 120.7 1.12 1.14 1.16
25 136.1 122.5 119.5 118.9 1.11 1.14 1.14
125.1 122.0 121.1 1.09 1.12 1.12
128.1 120.5 119.7 1.06 1.13 1.14
122.2 121.6 121.5 1.11 1.12 1.12
121.6 119.5 119.6 1.12 1.14 1.14
26 139.5 127.2 121.7 120.7 1.10 1.15 1.16
125.5 121.3 120.4 1.11 1.15 1.16
122.9 119.7 119.4 1.14 1.17 1.17
124 121.1 121.5 1.13 1.15 1.15
122.4 120.4 119.6 1.14 1.16 1.17
. . 1.11 1.14 1.15
Mean Ratio = correction factor,C (for PT) (for 300) (for 301)

Using the aforementioned correction factors, thpisadd non-nuclear density values
were calculated for all the 30 points in the mix #dd compared against the nuclear
density values as shown in Table 6.11. Also cated were the error term in each
prediction and the squared error term. The avevafiges are reported in the last row
and as indicated the average mean squared errérljs6.8, and 11.9 pcf for the

Pavetracker, PQI 300, and PQI 301, respectively.
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Table6.11 Error Estimatesusing Intercept Function from 3 Random Points

Test Measured density, pcf Corrected density, pcf Error, pcf Squared Error, pcf
Ste | wes | PT | 550 | o1 | PT | a0 | s0n | P | 300 a01| PT | 500 501
1 146.4 131.3| 126.42 123.48 146.10 144{66 142.163 [0-1.7| -4.2| 0.1 3.00 189
2 142.3 128 122.38 121.36 142.43 140/03 139.72 |0-23| -2.6| 0.0 51 6.7
3 1475 131.9q 127.78 123.85 146.84 146(21 1425097 |--1.3| -49| 04 1.7 241
4 146.1 128.9| 125.06 122.534 143.43 14310 141.07.7 }2-3.0| -5.0] 7.1 9.0/ 253
5 142.4 | 126.3q 122.4 120.54 140.61 140(29 138.77.8 |1-2.1| -3.6| 3.2 45 13.p
6 137.9 | 126.12 121.68 119.8 140.84 139{23 137.924 |21.3 0.0 6.0 1.8 0.9
7 140.2 | 129.1§ 122.2 121 143.75 139/83 139.30 (3.4 [ -0.9( 12.6f 0.1 0.8
8 143.0 | 128.34 122.62 12096 142.81 140[31 139.28.2 |- -2.7| -3.7 0.0 7.2 14D
9 139.1 125.4| 122.82 115.2 139.b4 140{54 132.62 |(044 | -65| 0.2 2.1 41.
10 142.8 | 129.44 125.0p 122.%8 14403 143.05 141.122 03] -1.7] 15 0.1 2.8
11 142.6 | 128.43 123.1 12184 1422 14086 139.923 |0-1.7| -2.7| 0.1 3.0 7.2
12 1449 | 12754 123.7 121.4 141.p2 140{97 139.760 (3-3.9( -5.1| 8.9| 154 26.4
13 137.2| 121.64 120.84 119.36 13536 13827 13418 | 1.1 0.2 3.4 1.1 0.4
14 141.3 | 125.3§ 12248 120.94 13952 14015 13p.2B8 | -1.2| -2.1| 3.2 1.3 4.3
15 144.1 | 126.04 120.1 120.08 140.p3 13811 138.229 |- -6.0| -5.9| 150 35. 348
16 130.4 | 123.174 118.28 118.08 137000 13534 135.%46 4.9 55| 43.4 244 30)
17 140.1 | 126.64 123.7¢ 121.36 14094 14157 139.128 15| -04| 0.7 2.2 0.1
18 143.3 | 127.84 123.6p 12146 142p5 14150 139.880 | -1.8| -3.5| 1.1 3.2 12p
19 139.5| 125.33 120.54 120.14 13945 13793 1331 | -1.6( -1.2( 0.0 2.5 1.4
20 139.8 | 125.04 121.58 120.36 139/18 139.12 138886 | -0.7| -1.2| 0.4 0.5 1.5
21 140.1 | 125.64 120.94 122.%6 13981 13839 141.4@3 | -1.7| 1.0 0.1 2.9 1.
22 131.8 | 124.84 1219 1208 13889 13951 138.501 (77.7 6.7| 50.3 594 44B
23 139.3 | 126.00 121.6p 121.04 14021 13921 139.89 | -0.1| 0.0 0.8 0.0 0.4
24 131.7 | 121.74 120.6p 11942 13547 13802 137.488 6.3 5.8 334
25 136.1 123.9|] 120.62 120.16 137.87 13802 138.338 (11.9 2.2 3.1 3.7 5.0
26 139.5 124.4| 120.84 120.32 13843 13827 138521 |--1.2| -1.0| 1.2 15 1.4
27 141.1 | 128.42 123.3 121.98 142.p0 14109 140.438 |10.0 | -0.7| 3.2 0.0 0.4
28 139.2 | 127.74 123.1p 120.98 142J19 140.88 139.230 1.7 0.1 8.9 2.8 0.d
29 142.0 | 128.7q 124.68 122.42 1438 14267 140.943 0.7 -1.1f 1.6 0.4 1.1
30 142.4 129 123.32 121.54 14354 141j11 13992 |1:1.3| -2.5| 1.3 1.7 6.1

Avg. 140.5 126.7 122.6 120.9 1412 1404 139.2 D.0.4( -1.3( 6.1 6.8 11.
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6.6.2 Five and Ten Random Points for Calibration

The procedure explained earlier was repeated &blkestt the correction factor,@ising 5
and 10 random points. Tables 6.12 and 6.13 preg®ntcalculations involved in
determining the correction factor,@ Equation 6.2, using 5 and 10 random points,
respectively. Tabulated in the last row is the megquared errors, that compare the
measured nuclear gauge readings to the correctediunear readings. A detailed table
has not been presented in this case as they hareibdahe previous cases, since the
calculations were repetitive. A detailed analydithe errors follows in a later section.

Table6.12 Establishing Correction Factor C, for Slope Function using 5 Random

Points
Col.A | Col.B Coal. C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | MC3 deF;-git F;grl];?o F;grl];?l density density density

y y Y1 (MCc3-PT) | (MC3-300) | (MC3-301)

1 146.4 131.5 125.7 123.6 1.11 1.16 1.18
133.3 129.3 124.8 1.10 1.13 1.17

134.4 126.7 123.6 1.09 1.16 1.18

129.7 124.4 122.9 1.13 1.18 1.19

127.6 126.0 122.5 1.15 1.16 1.20

4 146.1 134 126.1 123.0 1.09 1.16 1.19
128.4 124.5 122.3 1.14 1.17 1.19

129.8 125.0 122.5 1.13 1.17 1.19

124.4 123.5 121.8 1.17 1.18 1.20

127.9 126.2 123.1 1.14 1.16 1.19
10 142.8 131.5 128.8 124.7 1.09 1.11 1.15
135.2 126.1 123.7 1.06 1.13 1.15

127.6 122.0 121.4 1.12 1.17 1.18

126 122.0 121.2 1.13 1.17 1.18

126.9 126.2 121.9 1.13 1.13 1.17
28 139.2 128.5 124.3 121.7 1.08 1.12 1.14
130.4 124.3 122.1 1.07 1.12 1.14

124.8 121.2 119.2 1.12 1.15 1.17

127.3 122.6 121.3 1.09 1.14 1.15

127.9 123.2 120.6 1.09 1.13 1.15
29 142.0 130.1 123.2 122.1 1.09 1.15 1.16
129.6 124.8 122.6 1.10 1.14 1.16

126.5 124.7 122.2 1.12 1.14 1.16

125.9 125.5 122.9 1.13 1.13 1.16

131.7 125.2 122.3 1.08 1.13 1.16

Mean difference = correction factop C (f(:)Lr. 1Pl.|.) (folrégO) (folrégl)

Mean squared error in 30 test predictions 5.9 6.6 131
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Table 6.13 Establishing Correction Factor C, for Slope Function using 10 Random

Points
Col.A | Col.B Cal. C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | MC3 deF;-git F;grl]g?o F;grl]g?l density density density
y y Y1 (MCc3-PT) | (MC3-300) | (MC3-301)
2 142.3 131.3 122.7 121.3 1.08 1.16 1.17
126.4 122.6 121.1 1.13 1.16 1.18
131.5 122.4 121.5 1.08 1.16 1.17
126.6 122.5 121.7 1.12 1.16 1.17
124.2 121.7 121.2 1.15 1.17 1.17
4 146.1 134 126.1 123.0 1.09 1.16 1.19
128.4 124.5 122.3 1.14 1.17 1.19
129.8 125.0 122.5 1.13 1.17 1.19
124.4 123.5 121.8 1.17 1.18 1.20
127.9 126.2 123.1 1.14 1.16 1.19
7 140.2 129.2 123.4 122.1 1.09 1.14 1.15
128.4 121.5 120.9 1.09 1.15 1.16
128.8 121.0 120.3 1.09 1.16 1.17
130.4 122.8 120.9 1.08 1.14 1.16
129.1 122.3 120.8 1.09 1.15 1.16
11 142.6 127.1 122.9 122.5 1.12 1.16 1.16
126.9 124.1 121.9 1.12 1.15 1.17
125.5 121.1 120.9 1.14 1.18 1.18
129.87 122.1 120.0 1.10 1.17 1.19
132.8 125.3 122.4 1.07 1.14 1.17
18 143.3 130 121.2 120.5 1.10 1.18 1.19
128.7 123.9 121.7 1.11 1.16 1.18
123.6 123.6 120.8 1.16 1.16 1.19
129.3 124.7 121.8 1.11 1.15 1.18
127.6 124.9 122.5 1.12 1.15 1.17
20 139.8 125.3 121.3 120.2 1.12 1.15 1.16
123 120.9 118.8 1.14 1.16 1.18
125.7 121.4 120.7 1.11 1.15 1.16
126.1 122.2 121.4 1.11 1.14 1.15
125.3 122.1 120.7 1.12 1.14 1.16
21 140.1 126.4 122.1 125.3 1.11 1.15 1.12
123.7 120.3 121.2 1.13 1.16 1.16
118.6 119.2 119.8 1.18 1.18 1.17
130 121.8 123.4 1.08 1.15 1.14
129.5 121.3 123.1 1.08 1.15 1.14
25 136.1 122.5 119.5 118.9 1.11 1.14 1.14
125.1 122.0 121.1 1.09 1.12 1.12
128.1 120.5 119.7 1.06 1.13 1.14
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Col. A | Col.B Col. C Col. D Col. E Col. F Cal. G
Point Diff in Diff in Diff in
number | MC3 deF;-git F;grl];?o F;grl];?l density density density
y y Y | (MC3-PT) | (MC3-300) | (MC3-301)
122.2 121.6 121.5 1.11 1.12 1.12
121.6 119.5 119.6 1.12 1.14 1.14
28 139.2 128.5 124.3 121.7 1.08 1.12 1.14
130.4 124.3 122.1 1.07 1.12 1.14
124.8 121.2 119.2 1.12 1.15 1.17
127.3 122.6 121.3 1.09 1.14 1.15
127.9 123.2 120.6 1.09 1.13 1.15
29 142.0 130.1 123.2 122.1 1.09 1.15 1.16
129.6 124.8 122.6 1.10 1.14 1.16
126.5 124.7 122.2 1.12 1.14 1.16
125.9 125.5 122.9 1.13 1.13 1.16
131.7 125.2 122.3 1.08 1.13 1.16
Mean difference = correction factos C (f(zaLrl 1Pl.|.) (folrégO) (folrégl)
Mean squared error in 30 test predictions 5.9 6.7 021

For the slope function, a plot showing the actualpredicted density at each of the 30
test points in mix ID #17 are shown in Figures th®ugh 6.11 using correction factors
derived from 3, 5, and 10 random points, respelstive
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Figure6.9 Corrected vs. Actual Density Readings using Slope Function and 3
Random Points (Mix I D #17)
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6.7 Slope and Intercept Function
6.7.1 Three Random Points for Calibration

The analysis of the slope and intercept functimolved the selection of 3 random points
described previously to determine the correctiaridiss G and G defined in Equation
6.3. Table 6.14 shows the data used for calibyatie non-nuclear density readings to
the nuclear gauge readings using 3 random pointdet@lop the correction factors.
Columns A through D list the nuclear gauge, Paeckgg PQI 300, and PQI 301
readings, respectively, for each point. ColumnsFEand G list the average of the
Pavetracker, PQI 300, and PQI 301 readings, respctfor each point.

The data in columns A and E were regressed foraggbt-line equation to determine the
slope and intercept of the best fit. The slopeiatetcept reported in the last two rows of
the table in Column E are the correction factogsa@d G for adjusting the Pavetracker
readings to that of the nuclear gauge. Similatita in Columns F and G were regressed
against the data in Column A for the PQI 300, ad@l BO1, respectively, to yield the
slope and intercept correction factors for the eetipe devices using three random
points. The correction factors are reported inléisetwo columns of Table 6.14.

Table6.14 Correction factor Cz and C4 for mix 1D #17 using 3 random points

Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Point PQI 300 PQI 301
y y y 'y density density
20 139.8 125.3 121.3 120.2 125.1 121.6 120.4
123 120.9 118.8
125.7 121.4 120.7
126.1 122.2 121.4
125.3 122.1 120.7
25 136.1 122.5 119.5 118.9 123.9 120.6 120.2
125.1 122.0 121.1
128.1 120.5 119.7
122.2 121.6 121.5
121.6 119.5 119.6
26 139.5 127.2 121.7 120.7 124.4 120.8 120.3
125.5 121.3 120.4
122.9 119.7 119.4
124 121.1 121.5
122.4 120.4 119.6
Slope = correction factorsC 2.98 2.98 19.29
Intercept = correction factor,C -232.29 -222.12 -2181.22

With the computed correction factors, the adjusteth-nuclear density values were
calculated for all the 30 points in the mix ID acmimpared against the nuclear density
values as shown in Table 6.15. Also calculatedtzeesrror term in each prediction and
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the squared error term. The average values acetegpin the last row and as indicated
the average mean squared error is 45.8, 21.6, 288 %or the Pavetracker, PQI 300, and
PQI 301, respectively.

Table6.15 Error Estimates using Slope-I nter cept Function from 3 Random Points

Test Measured density, pcf Corrected density, pcf Error, pcf Squared Error, pcf
Ste | mes | PT | 5o | sor | PT | ao0 | aon | PT | 500| a0 | PT | 00 | PR30
1 146.4 131.3| 126.42 123.48 158.84 154{58 200.18.4 [128.2 53.8 154.8 66.9 2892 .4
2 142.3 128 122.3¢ 121.36 149.01 142|54 159.30 1|6.0.2 17.0 45.1 0.1 288.8
3 1475 | 1319 127.78 123.85 16081 15863 207.43.3[111.1 60.0 177.1 123. 3596.p
4 146.1 128.9| 125.06 12294 151.p9 150{52 182.056 (5.4.4 36.0 31.3 19.6 1292.4
5 142.4 | 126.39 122.4 12054 144.03 143[19 143.487 (1.0.8 1.1 3.0 0.6 1.2
6 1379 126.12 121.68 119.8 143.41 140145 129.215 |5.2.6 -8.7 304 6.5 75.5
7 140.2 | 129.1§ 122.2 121 152.53 142{00 154.35 12138 12.2 152.0 3.2 147.7
8 143.0 | 128.34 122.62 120.96 150.p2 14325 151.580 |70.3 8.6 49.3 0.1 73.6
9 139.1 125.4( 122.82 115.2 141.27 143|85 40{50 228 -98.6 4.7 22.6 9722.9
10 142.8 | 129.44 125.0p 122.%8 153,30 15Q0.41 182.8Q5| 7.6 40.0 110.3 57.9 1601.9
11 1426 | 128.43 123.1 121.54 150.B0 144{68 162.777 (72.1 20.2 594 4.3 406.7
12 1449 | 12754 123.2 1214  147.p4 144198 160.077 |20.1 15.2 7.5 0.0 230.0
13 137.2 | 121.64 120.84 119.36 130,07 13795 12p.721 | 0.8 -16.5 50.9 0.6 271.5
14 141.3 | 125.34 12248 120.94 1411 14284 150,201 | 1.5 9.9 0.0 2.4 97.9
15 1441 126.04 120.7 120.08 1431 13753 134.610 |- -6.6 -9.5 1.0 43.1 90.1
16 130.4 | 123.14 118.28 118.08 13447 130.32 96.041 |4-0.1 -34.4 16.6 0.0 1180.7
17 140.1 | 126.64 123.7p 121.36 14502 146.53 159.309 6.4 19.2 24.2 41.4 368.5
18 143.3 | 127.84 123.6p 121.46 1484 14435 16]1.222 3.1 17.9 27.4 9.3 321.3
19 139.5| 125.33 120.54 120.14 141,03 13706 135.775 | -2.4 -3.7 2.3 6.0 13.9
20 139.8 | 125.04 12158 120.36 14031 14Q.16 140.@15 0.4 0.2 0.3 0.1 0.0
21 140.1 | 125.64 120.94 122.%6 14198 13825 182.449 | -1.9 42.3 3.5 34 1792.5
22 131.8| 124.84 12192 120.8 139.p4 141417 138.857 (79.4 7.1 59.9 87.8 49.7
23 139.3 | 126.00 121.6p 121.04 14305 14039 158.138 11 13.8 141 1.2 1911
24 131.7 | 121.74 120.6R 11942 13036 13729 121.8B3 | 5.6 -9.8 1.8 31.3 96.4
25 136.1 123.9| 120.62 120.16 136.80 13729 136.157 (01.2 0.1 0.5 1.4 0.0
26 139.5 124.4] 120.84 120.32 138.p9 13795 139.24.2 |- -1.5 -0.3 1.5 2.4 0.1
27 1411 | 128.43 123§ 121.98 150.p6 14528 171.252 (94.2 30.2 84.0 17.5 909.2
28 139.2 | 127.74 123.1p 120.98 14836 144.74 151.9i2 55 12.8 83.8 30.7 163.0
29 142.0 | 128.74 124.68 12242 151p8 14939 179. M3 7.4 37.7 86.0 54.6 1424.7
30 142.4 129 123.32 121.54 151.99 145|34 162.77 |9.B.9 204 92.0 8.6 414.8

Avg. 140.5 126.7 122.6 120.9 1453 1432 15(|).3 1.2.7 9.8 45.8 21.6 923.8
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6.7.2 Five and Ten Random Points for Calibration

This section will not be discussed in detail as fnecedure used to determine the
correction factors and the error residuals aresttiee as before. The slope and intercept
function was used with 5 and 10 random points teeltp the two sets of correction
factors. Table 6.16 and 6.17 show the calculatimesl to establish correction factors C
and G for 5 and 10 random points, respectively. Alsoveh are the mean squared errors
calculated in the prediction of density valuestfar 30 test points.

Table6.16 Correction Factors C; C,for Slope-Inter cept Function for 5 Random

Points
Col.A | Col.B Col. C Col.D Col. E Col. F Col. G
Test PQI 300 PQI 301
Site | MC3 | ("L | Sensiy | donsiy | denany| average | average
y y y y density density
1 146.4 131.5 125.7 123.6 131.3 126.4 123.5

133.3 129.3 124.8

134.4 126.7 123.6

129.7 124.4 122.9

127.6 126.0 122.5

4 146.1 134 126.1 123.0 128.9 125.1 122.5

128.4 124.5 122.3

129.8 125.0 122.5

124.4 123.5 121.8

127.9 126.2 123.1

10 142.8 131.5 128.8 124.7 129.4 125.0 122.6

135.2 126.1 123.7

127.6 122.0 121.4

126 122.0 121.2

126.9 126.2 121.9

28 139.2 128.5 124.3 121.7 127.8 123.1 121.0

130.4 124.3 122.1

124.8 121.2 119.2

127.3 122.6 121.3

127.9 123.2 120.6

29 142.0 130.1 123.2 122.1 128.8 124.7 122.4

129.6 124.8 122.6

126.5 124.7 122.2

125.9 125.5 122.9

131.7 125.2 122.3

Slope = correction factor;C 1.77 2.28 2.92
Intercept = correction factor,C -85.00 -141.58 -214.08
9.5 14.5 17.1

Mean squared error in 30 test predictions (for PT) (for 300) (for 301)
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Table6.17 Correction Factors C; C, Slope-Intercept Function for 10 Random

Points
Col.A | Col.B Col. C Col. D Col. E Col. F Col. G
Point Diff in Diff in Diff in
number | MC3 deF;lTsit F;Srllg?o F;Srllg?l density density density
y y Y | (MC3-PT) | (MC3-300) | (MC3-301)

2 142.3 131.3 122.7 121.3 128.0 122.4 121.4
126.4 122.6 121.1
131.5 122.4 121.5
126.6 122.5 121.7
124.2 121.7 121.2

4 146.1 134 126.1 123.0 128.9 125.1 1225
128.4 124.5 122.3
129.8 125.0 122.5
124.4 123.5 121.8
127.9 126.2 123.1

7 140.2 129.2 123.4 122.1 129.2 122.2 121.0
128.4 121.5 120.9
128.8 121.0 120.3
130.4 122.8 120.9
129.1 122.3 120.8

11 142.6 127.1 122.9 122.5 128.4 123.1 121.5
126.9 124.1 121.9
125.5 121.1 120.9
129.87 122.1 120.0
132.8 125.3 122.4

18 143.3 130 121.2 120.5 127.8 123.7 121.5
128.7 123.9 121.7
123.6 123.6 120.8
129.3 124.7 121.8
127.6 124.9 122.5

20 139.8 125.3 121.3 120.2 125.1 121.6 120.4
123 120.9 118.8
125.7 121.4 120.7
126.1 122.2 121.4
125.3 122.1 120.7

21 140.1 126.4 122.1 125.3 125.6 120.9 122.6
123.7 120.3 121.2
118.6 119.2 119.8
130 121.8 123.4
129.5 121.3 123.1

25 136.1 122.5 119.5 118.9 123.9 120.6 120.2
125.1 122.0 121.1
128.1 120.5 119.7
122.2 121.6 121.5
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Col. A | Col.B Col. C Col. D Col. E Col. F Cal. G
Point Diff in Diff in Diff in
number | mca | T PRISO0T POISOLI ongiy density density
enstly| density | density | \ic3-p1) | (MC3-300) | (MC3-301)
121.6 119.5 119.6
28 139.2 128.5 124.3 121.7 127.8 123.1 121.0
130.4 124.3 122.1
124.8 121.2 119.2
127.3 122.6 121.3
127.9 123.2 120.6
29 142.0 130.1 123.2 122.1 128.8 124.7 122.4
129.6 124.8 122.6
126.5 124.7 122.2
125.9 125.5 122.9
131.7 125.2 122.3
Slope = correction factorsC 1.07 1.47 2.17
Intercept = correction factor,C 4.37 -39.85 -122.38
Mean squared error in 30 test predictions 6.2 74 11.0
(for PT) (for 300) (for 301)

For the slope and intercept function, a plot shgwtime actual vs. predicted density at
each of the 30 test points in mix ID #17 is shownFigures 6.12 through 6.14 using
correction factors derived from 3, 5, and 10 rangmmmts, respectively.

‘ ¢ PaveTracker x PQI300 B PQI301 —— Line of Equality for 142, 19 mm, 5-12 ‘
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Figure6.12 Corrected vs. Actual Density Readings using Slope-I nter cept Function

and 3 Random Points (Mix I D #17)
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¢ PaveTracker x PQI300 B PQI301  — Lineof Equality for 142, 19 mm, 5-12
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Figure6.13 Corrected vs. Actual Density Readings using Slope-I nter cept Function
and 5 Random Points (Mix I D #17)
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Figure6.14 Corrected vs. Actual Density Readings using Slope-I nter cept Function
and 10 Random Points (Mix ID #17)
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6.8 Calculation of Mean Squared Errorsfor All Mix 1Ds

The previous sections provided examples for therdefpt, slope, and slope-intercept
functions, along with a calculation of each fol53and 10 random points. The next step
in the analysis of the calibration procedure wassiimate the errors associated with each
combination of function and random points for alknDs. The results of the analysis
provided an important measure of the measurabte,esr relative accuracy, associated
with each combination across a wide range of ptgjedhen, in the following chapter,
the error was managed in a test procedure.

A fundamental measure of error in the three fumstj@s computed earlier, was the mean
square error (MSE) term. This term measured ther,eor unexplained variability,
between the actual nuclear density readings anddjusted non-nuclear gauge readings.
The adjusted non-nuclear readings were designemteadict the actual nuclear density
readings, since the nuclear gauge was specifidieasaseline measure of density in this
study. With adjusted readings, non-nuclear dengidyges would be capable of
predicting nuclear density readings on a givengmtj

The MSEs calculated for each mix ID using eachhefthree calibration functions for 3,
5, and 10 random points are presented in TabléstGrbugh 6.26. These tables report
the average nuclear density readings, averagegteddnuclear density using the non-
nuclear gauge, and MSE for each mix ID. In thé tas/ of each table, average MSE
values were calculated for each non-nuclear galipese values provided an estimate of
the population error associated with each point &mtttion combination that was
incorporated into the new test procedure.
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Table 6.18 Actual Density, Predicted Density, and M SE using Inter cept Function
for 3 Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEgor
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 1485 . 147.6 2.33 2.87
2-d1 144.7| 137.5 136.1 145/]1 145.0 251 5651
2-d2 146.1| 139.4 130.0 . 1467 146.7 . 281 5294 .
3 143.4 | 130.4 123.1 1443 1434  3.97 3.58
4 144.4 | 132.5 122.8 1448 1497  3.57 6.58
5 147.1 | 137.8 125.9 1480 1487 3.38 5.69
6 1454 | 138.1 . 125.0 1455 . 1465 4.10 3.46
7-d1 150.3| 148.1 136.6 1321 150.3 150.1 150.9 1.64.48 2.60
7-d2 148.7| 146.9 137.6 13244 1489 1491 149.0 193.75 5.91
8 145.8 | 143.5] 133.7 1470 1462 3.79 8.26
9 147.0 | 139.5] 127.1 1470 1473 3.82 63|35
10-d1 145.0| 139.9 131.6 145|6 148.8 1.p8  47.05 .
10-d2 146.4| 139.4 133.7 . 14612 145.4 | 1.82 3853.
11-d1 1459| 130. 119.1 1185 146.7 14Y.6 147.0 2 3.288.40/ 3.81
11-d2 143.7| 129.3 1199 118/9 1429 1427 1426 6 2.179.80] 5.41
12 1457 | 129.3 121.8 1194 1455 1449 1458 08@2.12| 1.44
13-d1 1459| 1424 12983 125/4 146.0 1455 . 1{74 .76L( .
13-d2 145.7| 141.3 1286 124/5 1455 1455 145.2 1 1.619.09 7.66
14-d1 144.1| 1394 130.8 124/]1 143.3 1441 142.7 4 2.122.99| 17.34
14-d2 143.0| 137.8§ 1268 124/3 143.0 1429 1429 5 1.026.31 0.86
15-d1 142.8| 127.0 118.0 118[3 1435 1429 1435 4 2.®56.62| 4.04
15-d2 144.0| 128.7 117.8 118/0 144.0 1429 143.0 6 1.202.10{ 4.07
16-d1 146.1| 136.0 1249 122/0 146.2 146.3 1458 53.108.18] 8.50
16-d2 143.4| 133. 123.y 121;3 1417 141.1 142.4 4 5.057.37 6.28
17 1405 | 126.7, 122.6 1209 1408 140.0 148.3 6/578.3D| 828.16
18 144.3 | 130.2 123.2 1212 1444 1447 1452 119€9.87| 7.89
19 1446 | 140.0 137.7 1307 1458 14%7 146.6 3.377.073| 8.82
20 1450 | 126.1 122.1 1207 146(5 146.6 145.0 7,1@3.84| 11.28
21 149.1| 143.7) 130.7 1258 1486 148.8 1489 1847.7@ 3.93
Average Mean Squared Error for all MIX IDs 2.83 | 107.14| 43.19
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Table6.19 Actual Density, Predicted Density, and M SE using I nter cept Function
for 5 Random Points
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Mix ID Measured data, pcf Predicted density, pcf MearEgor
MC4 PT 300 301 PT 300 301 PT] 300 301
1 147.8 | 141.1 . 127.2 148)7 . 148.3  2.60 2.82
2-d1 1447 | 137.5 136.1 144|3 1444 2.48 4847
2-d2 146.1| 139.4 130.0 . 146{1 144.0 ) 2,55 4397
3 143.4 | 130.4 123.1 1433 1441 3.14 .
4 144.4 | 132.5 122.8 144)0 1449 3.63 5.56
5 147.1 | 137.8 125.9 1464 1466  3.02 3.84
6 145.4 | 138.1 . 125.0 1465 . 1457 5.18 2.93
7-d1 150.3| 148.1 136.6 132{1 150.7 150.1 150.3 1.7®.56 2.20
7-d2 148.7 | 146.9 137.6 13244 1499 150.0 150.2 3.382.85 5.83
8 145.8 | 143.5| 133.7 . 1470 1475 3.89 17/05
9 147.0 | 139.5 127.1 1285 148/5 148.1 582 75.15.
10-d1 145.0| 139.0 1316 144{9 143.0 118 36.68 .
10-d2 146.4| 139.4 133.} . 1457 148.7 ) 240 4246 .
11-d1 145.9| 130.6 119.1 118/5 146.0 146.5 146.1 9 2.250.66| 2.88
11-d2 143.7| 129.3 1199 118/9 1440 144.2 1440 8 1.£23.20| 3.66
12 145.7 | 129.3 121.8 1194 1463 146.2 146.6 13B4.99| 2.24
13-d1 145.9| 1424 129.3 125/4 146.1 14538 . 1{78 .2512 .
13-d2 145.7| 1413 128.6 124/5 1455 1455 1455 0 1.619.22 2.60
14-d1 144.1| 1394 130.83 124|]1 1442 1483.2 143.8 8 1.415.28 2.15
14-d2 143.0| 137.8 126.83 1243 1427 148.0 143.1 1 1.127.49 0.89
15-d1 142.8| 127.0 118.0 118/3 142.0 148.1 1433 2 2.8262.48| 3.64
15-d2 144.0| 128.7 117.83 118/0 1439 148.7 143.7 8 1.225.37| 2.18
16-d1 146.1| 136.0 1249 122/0 146.1 146.0 1459 4 3.102.04| 7.74
16-d2 143.4| 133. 123y 121|3 1428 1426 1428 5 2.781.78 5.88
17 140.5| 126.7] 122.6 1209 1408 141.0 141.8 6/505.58| 12.38
18 1443 | 130.20 1232 1212 1436 143.1 142.8 14%7.45| 5.51
19 1446 | 140.00 137.7 1307 1448 14%7 145.2 1946.673| 5.27
20 145.0 | 126.1] 122.1 1207 1457 14%7 146.2 5 388.66| 13.61
21 149.1| 143.7, 130.7 1258 1499 151.3 149.9 2330.016| 4.70
Average Mean Squared Error for all MIX IDs 2.76 | 110.27| 4.69



Table6.20 Actual Density, Predicted Density, and M SE using I nter cept Function for 10
Random Points

Mix ID Measured data, pcf Predicted density, pcf MearEgor
MC4 PT 300 301 PT 300 301 PT] 300 301
1 147.8 | 141.1 . 127.2 1477 . 1483 1.75 2.89
2-d1 1447 | 137.5 136.1 144/4 1444 ) 2.36 4845
2-d2 146.1| 139.4 130.0 . 146/3 144.0 ) 256 4324 .
3 143.4 | 130.4 . 123.1 1429 1431 3.44 1.62
4 144.4 | 132.5 . 122.8 1445 1445 3.44 5.38
5 147.1 | 137.8 . 125.9 1473 1471 2.%5 3.62
6 145.4 | 138.1 . 125.0 145)6 . 1460 4.12 3.14
7-d1 150.3| 148.1 136.6 132{1 1500 150.2 1499 17%.92 2.41
7-d2 148.7 | 146.9 137.6 132/4 1496 150.2 149.9 2.783.87 5.07
8 145.8 | 143.5| 133.7 . 1456 1457 2.39 5.95
9 147.0 | 139.5 127.1 1285 146|8 146.7 3.88 54.25.
10-d1 | 145.0| 139.0 131.6 145|1 1449 1.0 3573.
10-d2 | 146.4| 1394 133.Y . 146{3 146.0 ) 1.80 46.11 .
11-d1 | 145.9| 130.4 119.1 118/5 146.3 146.8 146.6 0 2.262.56| 3.24
11-d2 | 143.7| 129.3 119.9 118/9 1440 1442 1444 9 1.£21.49| 4.02
12 145.7 | 129.3 121.8 1194 1460 1458 146.0 0951.92| 1.48
13-d1 | 145.9| 1424 129.3 1254 146.0 145.7 . 1{74 .6811 .
13-d2 | 145.7| 1413 1286 1245 146.0 1454 1452 6 1.617.91 2.77
14-d1 | 144.1| 1394 130.83 124|1 143.8 1444 144.2 4 1.525.14 2.06
14-d2 | 143.0| 137.§ 126.83 124/3 1435 143.0 142.9 0 1.327.66 0.89
15-d1 | 142.8| 127.0 118.0 118{3 1431 1422 142.0 3 2.236.22| 4.12
15-d2 | 144.0| 128.7 117.8 118/0 1445 144.1 144.1 6 1.3236.54| 2.10
16-d1 | 146.1| 136.0 124.9 122/0 1454 1444 1442 5 3673.05| 11.18
16-d2 | 143.4| 133.§ 123. 7 1213 1432 1426 142.8 2 2.483.25 5.80
17 140.5| 126.7] 122.6 1209 1406 141.0 140.6 6/405.48| 10.66
18 1443 | 130.20 1232 1212 1446 144.7 1449 1231.227| 3.68
19 1446 | 140.00 137.7 1307 1442 1449 1446 2148.802| 4.92
20 145.0 | 126.1] 122.1 1207 1443 1443 1443 548573 12.83
21 149.1| 143.7) 130.7 125]8 1491 1487 1489 1667.58| 3.94
Average Mean Squared Error for all MIX IDs 2.49 | 105.45| 4.45
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Table6.21 Actual Density, Predicted Density, and M SE using Slope Function for 3
Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEger
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 1486 . 1475 252 2.58
2-d1 144.7| 137.5 136.1 145]1 1449 243 394
2-d2 146.1| 139.4 130.0 . 1467 146.6 . 2.85 2/98 L
3 143.4 | 130.4 123.1 1444 1442  4.67 2.18
4 144.4 | 132.5 122.8 1448 . 3.68 .
5 147.1 | 137.8 125.9 1479 1489 3.21 6.69
6 145.4 | 138.1 . 125.0 1454 . 1469 4.42 4.92
7-d1 150.3| 148.1 136.6 1321 150.3 150.0 150.8 162.54 2.40
7-d2 148.7| 146.9 137.6 1324 149.0 1492 1491 1.6%.88 4.33
8 145.8 | 1435 133.7 . 1471 1464 4.10 3.02
9 147.0 | 1395/ 127.1 1286 147|0 147.4 379  4{10
10-d1 | 145.0| 139.0 131.6 145|6 148.7 1.50 1)33
10-d2 | 146.4| 139.4 133.7 . 146|2 145.3 1.80  4/06 .
11-d1 | 145.9| 130.4 119.1 118)5 14.7 14y.8 147.3 4 3.38.38 4.88
11-d2 | 143.7| 129.3 1199 118|9 1429 142.7 1426 0 2.15.75 5.37
12 1457 | 129.3 121.8 1194 1456 1449 1449 081.351 1.86
13-d1 | 145.9| 1424 129.83 125/4 146.0 1455 1458 4 1.71.63 1.77
13-d2 | 145.7| 1413 1286 124|5 1455 1455 1454 2 161.55 2.43
14-d1 | 144.1| 1394 130.83 124)]1 143.3 1442 1436 6 2.11.71 2.19
14-d2 | 143.0| 137.8 126.83 124|3 143.0 1429 1429 0 1.10.70 0.86
15-d1 | 142.8| 127.0 118.0 118|3 1435 142.8 1435 3 3.12.38 3.77
15-d2 | 144.0| 128.7 117.8 118J0 144.2 143.0 142.7 3 1.42.27 3.84
16-d1 | 146.1| 136.0 1249 122|0 146.2 1464 1464 8 3.17.43 7.86
16-d2 | 143.4| 133. 123.y 121|3 1417 140.9 141.3 3 5.014.18 9.96
17 1405 | 126.7) 122.6 1209 1410 140.3 139.2 6/41.89 7 11.92
18 1443 | 130.20 123.2 1212 1444 1446 1446 095352 3.23
19 144.6 | 140.00 137.7 130J7 1457 1495 148.3 3140.81| 19.29
20 145.0 | 126.1 122.1 1207 146{3 146.2 147.2 6/32.47 8§ 15.34
21 149.1| 143.7) 130.7 125;8 1487 1489 1484 179424 4.05
Average Mean Squared Error for all MIX IDs | 2.85 | 5.46 5.53
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Table6.22 Actual Density, Predicted Density, and M SE using Slope Function for 5
Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEger
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 148)7 . 148.3 2.76 2.77
2-d1 144.7| 137.5 136.1 14413 1444 243  3/95
2-d2 146.1| 139.4 130.0 . 146/1 144.0 . 2.55 2/84 L
3 143.4 | 130.4 123.1 14383 1441  3.66 2.07
4 144.4 | 132.5 122.8 1440 . 3.72 .
5 147.1 | 137.8 1259 1463 146.5 3.08 3.75
6 145.4 | 138.1 . 125.0 1465 . 14596 5.60 2.66
7-d1 150.3| 148.14 136.6 1321 150.7 150.2 150.3 1.82.45 2.13
7-d2 148.7| 146.9 1376 1324 1499 150.2 150.3 3.08.85 6.74
8 145.8 | 1435 133.7 . 1471 1476 4.01 6.83
9 147.0 | 1395/ 127.1 1286 1485 148.0 580  4{85
10-d1 | 145.0| 139.0 131.6 145|0 145.1 115 081
10-d2 | 146.4| 139.4 133.7 . 145|7 145.8 2.84 3|23 .
11-d1 | 145.9| 130.4 119.1 118/5 146.0 146.5 146.1 9 2.65.17 3.06
11-d2 | 143.7| 129.3 1199 118|9 1441 144.3 1440 5 1.45.03 4.15
12 1457 | 129.3 121.8 1194 1463 146.1 1465 120.021 1.99
13-d1 | 145.9| 1424 129.83 125/4 146.1 1458 145.7 8 1.71.53 1.81
13-d2 | 145.7| 1413 1286 124)5 1455 1455 1454 3 1.61.59 2.42
14-d1 | 144.1| 1394 130.83 124]1 1442 143.2 143.8 8 1.42.52 2.01
14-d2 | 143.0| 137.8 126.8 124|3 1427 143.0 143.1 7 1.10.69 0.86
15-d1 | 142.8| 127.0 118.0 118|3 1419 143.0 143.2 2 3.52.41 3.52
15-d2 | 144.0| 128.7 117.8 118J0 1439 148.8 1438 1 1.41.30 2.06
16-d1 | 146.1| 136.0 1249 122|0 146.0 1458 1458 6 3.17.35 7.85
16-d2 | 143.4| 133.6 123.y 121|3 1428 1425 1427 3 2.79.10 6.25
17 1405 | 126.7] 122.6 1209 1406 140.7 1415 6/11.89 7 11.34
18 1443 | 130.20 123.2 1212 1438 143.3 149 111.033 4.80
19 1446 | 140.00 137.7 130y7 1448 1458 1453 200.35§ 5.93
20 145.0 | 126.1 122.1 120J7 1457 1455 14|6.1 5.16.40 7 11.90
21 149.1 | 143.7) 130.T 1258 1498 1514 14|9.7 2124799 4.00
Average Mean Squared Error for all MIX IDs | 2.79 | 4.50 4.28
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Table6.23 Actual Density, Predicted Density, and M SE using Slope Function for 10
Random Points
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Mix ID Measured data, pcf Predicted density, pcf MearEgwr
MC4 PT 300 301 PT 300 301 PT| 300 301
1 147.8 | 141.1 . 127.2 14757 . 1483 1.82 2.81
2-d1 144.7| 137.5 136.1 144i4 1444 2.32 3[97
2-d2 146.1| 139.4 130.0 . 146/3 146.0 . 2.57 2/83 i
3 143.4 | 130.4 123.1 1429 143.1 3.89 1.70
4 144.4 | 1325 122.8 1445 . 3.51 .
5 147.1| 137.8 125.9 1474 147.1  2.60 3.41
6 145.4 | 138.1 . 125.0 1456 . 1459 4.45 2.89
7-d1 150.3| 148.1 136.6 1321 150.0 150.3 149.9 1.72.43 2.34
7-d2 148.7| 146.9 137.6 1324 1497 1504 150.0 24831 5.73
8 145.8 | 143.5| 133.7 . 1456 1457 2.40 3.p1
9 147.0 | 139.5| 127.1 1285 146|8 146.8 3.83 4{06
10-d1 145.0( 139.0 1316 145[2 1449 117 0)83
10-d2 146.4| 139.4 133.Y . 146{3 146.0 1.[75 2|95 .
11-d1 145.9| 130. 119.1 118/5 146.3 1469 146.6 9 2.75.76 3.44
11-d2 143.7| 129.3 119.9 118/9 1440 144.2 1444 2 1.44.82 4.51
12 145.7 | 129.3] 121.8 1194 1460 1457 1459 091.850 1.31
13-d1 145.9| 1424 129.83 125/4 146.0 1457 145.8 3 1.71.55 1.78
13-d2 145.7| 141.3 128.6 124/5 146.0 1454 1453 2 1.71.60 2.48
14-d1 144.1| 1394 130.3 1241 143.8 144.3 1441 5 151.76 1.91
14-d2 143.0| 137.8 126.3 124/3 1435 148.0 1429 8 1.30.69 0.87
15-d1 142.8| 127.0 118.0 118/3 143.2 1424 142.1 2 2.82.60 3.94
15-d2 144.0| 128.1 117.8 118/0 1445 1441 1441 3 1.61.23 2.00
16-d1 146.1| 136.0 124.9 122|0 1455 1444 1442 5 3.510.04| 11.34
16-d2 143.4| 133. 123.y 121/3 1432 1426 1428 9 2.39.01 6.18
17 140.5| 126.7) 122.¢ 1209 1406 141.0 140.5 6/10.12 8 10.23
18 1443 | 130.20 123.2 1212 1446 1448 1449 105.48 2 3.57
19 1446 | 140.00 137.7 130J7 1441 1450 1446 220.107 5.41
20 145.0 | 126.1] 122.1 1207 1443 1443 1443 5/28.857 11.43
21 149.1| 143.7) 130.7 1258 1491 1487 1489 165504 3.66
Average Mean Squared Error for all MIX IDs | 251 | 4.16 4.22



Table6.24 Actual Density, Predicted Density, and M SE using Slope-I nter cept
Function for 3 Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEger
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 1479 . 1476 2.5 2.98
2-d1 144.7| 137.5 136.1 145|0 148.2 283 4[30
2-d2 146.1| 139.4 130.0 . 147]1 144.5 . 4.48 2/90 L
3 143.4 | 130.4 123.1 1440 1433 2.30 3.66
4 144.4 | 132.5 122.8 1436 1458 6.97 6.67
5 147.1 | 137.8 125.9 1504 148.7 19/02 5.69
6 145.4 | 138.1 . 125.0 1451 . 146.5 5.33 3.44
7-d1 150.3| 148.1 136.6 1321 150.8 151.6 150.9 2.08.12 2.59
7-d2 148.7| 146.9 137.6 1324 1489 1491 1489 2.14.38 5.94
8 145.8 | 1435 133.7 . 1476 1489 5.74 16.70
9 147.0 | 1395/ 127.1 1286 1482 147.4 38.31 10.59.00
10-d1 145.0| 139.0 131.6 143|6 145.8 14{61  1{48 .
10-d2 146.4| 1394 133.} . 146|7 146.2 3.13 2|86 .
11-d1 1459| 130. 119.1 118/5 146.8 148.0 147.0 0 3.610.29 3.86
11-d2 143.7| 129.3 119.9 118/9 1429 1428 142.6 8 2.03.79 5.61
12 1457 | 129.3 121.8 1194 146\7 1451 1457 347.041 1.12
13-d1 1459| 1424 129.83 125/4 146.0 1455 . 160 76 1. .
13-d2 145.7| 141.3 128.6 124/5 1458 1453 145.2 0 6.44.15 7.71
14-d1 144.1| 1394 130.83 124{1 143.1 1442 1425 92.41.72 17.32
14-d2 143.0| 137.§ 126.3 124/3 143.0 1429 1429 4 (Q.90.72 0.86
15-d1 142.8| 127.0 118.0 118(3 1435 1427 1435 4 2.22.37 4.04
15-d2 144.0| 128.7 117.8 118/0 144.0 143.6 142.9 6 1.31.27 4.12
16-d1 146.1| 136.0 124.9 122/0 146.4 146.2 145.7 4 3.77.03 8.17
16-d2 143.4| 133. 123.y 1213 142.3 1424 1424 5 6.66.14 6.10
17 1405 | 126.7) 122.6 1209 1453 143.2 150.3 45%.82.58| 923.82
18 1443 | 130.20 1232 1212 1451 1451 1451 7/29.44 8 8.00
19 1446 | 140.00 137.7 1307 1437 1464 1466 18.2364 8.77
20 145.0 | 126.1 122.1 1207 146/9 1452 1447 951.71 3 9.99
21 149.1| 143.7) 130.7 125;8 1485 1489 1489 224444 3.99
Average Mean Squared Error for all MIX IDs | 7.82 | 5.68 | 45.41
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Table6.25 Actual Density, Predicted Density, and M SE using Slope-I nter cept
Function for 5 Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEgor
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 1486 . 1484 2.35 3.07
2-d1 144.7| 137.5 136.1 144|3 1443 2.46 426
2-d2 146.1| 139.4 130.0 . 146/0 145.6 . 3.12 3.07 L
3 143.4 | 130.4 123.1 1445 1443  2.97 2.39
4 144.4 | 132.5 122.8 145p2 143.7 11)83 10/13
5 147.1 | 137.8 125.9 1467 14599 3.06 4.35
6 1454 | 138.1 . 125.0 1464 . 14590 4.61 2.72
7-d1 150.3| 148.1 136.6 1321 150.3 150.0 150.3 1.6@.20 2.12
7-d2 148.7| 146.9 137.6 13244 1499 1499 150.2 33B.67 6.41
8 145.8 | 143.5] 133.7 . 1470 147.6 3.82 6.67
9 147.0 | 139.5| 127.1 1285 148/7 148.6 8.88 9/07 .000
10-d1 | 145.0| 139.0 131.6 14511 148.0 1.10 081
10-d2 | 146.4| 1394 1337 . 1456 148.7 | 2.64 306 .
11-d1 | 145.9| 130. 119.1 118/5 146.3 146.0 146.2 5 4.42.87 4.04
11-d2 | 143.7| 129.3 119.9 118/9 1444 1489 1439 6 2.62.63 3.19
12 1457 | 129.3 121.8 1194 146(7 147.8 146.8 2,600.601| 3.33
13-d1 | 145.9| 1424 129.3 125/4 1457 1458 . 2|25 58 1} .
13-d2 | 145.7| 1413 128.6 124|5 1454 1452 1448 4 2.21.88 3.06
14-d1 | 144.1| 1394 130.3 124|1 1442 148.2 143.8 9 1.42.48 1.76
14-d2 | 143.0| 137.§ 126.3 124|3 143.3 148.1 143.2 3 1.20.69 0.95
15-d1 | 142.8| 127.0 118.0 118/3 1419 1429 143.0 3 3.32.38 4.75
15-d2 | 144.0| 1284 117.8 118/0 1440 144.1 1439 1 1.71.08 1.88
16-d1 | 146.1| 136.0 124.9 122/0 146.1 1458 1485 4 3.17.46 24.22
16-d2 | 143.4| 133. 123.y 121|3 142.8 1428 1428 02.95.61 5.60
17 1405 | 126.7, 122.6 1209 1389 138.1 138.9 9544.501| 17.08
18 1443 | 130.2 1232 1212 1445 1444 1441 098.123 431
19 1446 | 140.0 137.7 130)7 1448 1448 1444 201413 3.99
20 1450 | 126.1 122.1 120,7 1455 1446 145.7 6/440.171| 10.03
21 149.1 | 143.7, 130.7 1258 1502 151.4 150.7 3.151.141| 8.14
Average Mean Squared Error for all MIX IDs 3.51 | 4.85 5.54
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Table6.26 Actual Density, Predicted Density, and M SE using Slope-I nter cept
Function for 10 Random Points

Mix 1D Measured data, pcf Predicted density, pcf MearEgor
MC4 PT 300 301 PT 300 301 PT 300 301
1 147.8 | 141.1 . 127.2 1477 . 1483 1.73 3.13
2-d1 144.7| 137.5 136.1 144/5 1445 2.41 433
2-d2 146.1| 139.4 130.0 . 146/1 146.0 . 3.00 284 L
3 143.4 | 130.4 123.1 1430 1431 1.63 1.57
4 144.4 | 132.5 122.8 1445 1445  4.39 5.30
5 147.1 | 137.8 125.9 1475 147.3 3.04 2.95
6 1454 | 138.1 . 125.0 1457 . 14598 3.11 2.46
7-d1 150.3| 148.1 136.6 1321 150.0 150.3 149.9 19@.72 2.42
7-d2 148.7| 146.9 137.6 13244 1496 150.1 149.8 2.756.23 5.98
8 145.8 | 143.5] 133.7 . 1456 1457 2.53 3.53
9 147.0 | 139.5( 127.1 1285 146|9 147.1 3.00 4105 .000
10-d1 | 145.0| 139.0 131.6 145|11 1449 1.16 0,84
10-d2 | 146.4| 1394 1337 . 146|3 146.1 | 1.[r2 2,57 .
11-d1 | 145.9| 130. 119.1 118/5 146.4 146.7 146.5 8 2.74.10 3.09
11-d2 | 143.7| 1293 119.9 118|]9 1440 1444 1444 8 143.44 3.50
12 1457 | 129.3 121.8 1194 1460 1457 1453 1112.81F 0.90
13-d1 | 145.9| 1424 129.3 125/4 1459 1457 . 1/63 63 1| .
13-d2 | 145.7| 1413 128.6 1245 1456 1454 145.3 8 1.71.66 2.60
14-d1 | 144.1| 1394 130.3 124|1 1437 1445 1438 9152.14 1.75
14-d2 | 143.0| 137.§ 126.3 124|3 1434 148.0 1429 3 1.00.67 0.86
15-d1 | 142.8| 127.0 118.p0 118/3 1425 1422 142.0 5 1.92.90 4.04
15-d2 | 144.0| 1284 117.8 118/0 1443 144.0 1439 3 1.80.90 1.87
16-d1 | 146.1| 136.0 124.9 122/0 1451 1444 1443 9 4.39.98 11.07
16-d2 | 143.4| 133. 123.y 121|3 1432 148.2 143.3 4 2.85.12 5.15
17 1405 | 126.7, 122.6 1209 1405 141.0 140.0 6/19.457 11.01
18 1443 | 130.2 1232 1212 1446 1449 1452 100.932 4.24
19 1446 | 140.0 137.7 130)7 14319 1449 1447 344.683 3.59
20 1450 | 126.1 122.1 120)7 1443 1442 1441 533.676§ 7.81
21 149.1| 143.7) 130.7 1258 1491 1487 1489 170914 3.82
Average Mean Squared Error for all MIX IDs 2.53 | 3.59 3.87
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To develop a better understanding of the errorgrés 6.15 through 6.17 were created
from the previous tables to plot MSE against eagh-muclear device for 3, 5, and 10
random points, respectively. In general, it wasedeined that the slope and slope-
intercept functions yielded the least error for madin-nuclear devices. The PQI 300
generally produced more error in predicting nucléansity readings than PQI 301 and
PaveTracker. Both the 5-point and 10-point catibres produced lower error than the 3-
point sample, particularly for both PQI models. alidition, there was less error with a
10-point sample, when compared to a 5-point sample.

The optimum choice of calibration function and nemlof points required further
analysis. The following section presents the aialyperformed to determine which
alternative is a statistically-optimum choice.

M SE summary for different calibration

functions derived from 3 random points
120

O 3-points PT

100 ‘
80 \ N 3-points PQI 300
% m3-points PQI 301

.
60 | §
i

MSE

40 |

20

intercept slope slope&inter

Figure6.15 Mean Squared Error for Calibration Functions using 3 random points
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M SE summary for different calibration
functions derived from 5 random points

120
100 O 5-points PT
80 5-points PQI 300
m5-points PQI 301

MSE

intercept slope slope&inter

Figure6.16 Mean Squared Error for Calibration Functionsusing 5 random points

M SE summary for different calibration
functions derived from 10 random points

120
100 .
@10-pointsPT
80 N 10-points PQI 300
B 60 m10-points PQI 301
=

intercept slope slope&inter

Figure6.17 Mean Squared Error for Calibration Functions using 10 random points
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6.9 Statistical Verification of Calibration Functions

A statistical verification was performed across éméire data set of 21 mix IDs to assess
if the actual nuclear density value was statidiycalose, or comparable, to that of the
adjusted non-nuclear density values. The non-audensity values included the raw

readings, and adjusted values using correctionoffactleveloped using all three

calibration functions and number of random poists5; and 10).

A two-sample paired t-test was the chosen fundtiecause the data sets contain a natural
pairing of observations at each test site withim phoject. The t-test was performed at a
confidence level of 95%a( = 0.05). The t-test was performed based on thé nu
hypothesis that there was no difference betweemtemns of the two sets. The results of
t-test are presented in Table 6.27 and indicateithibe level of significance, or the p-
value was greater than 0.05, the null hypothesis aezepted and that the predicted and
actual density values were not statistically défer

The results show that the predictions are stadiffyisignificant only for cases when the

correction factors were determined using 3 or STloam points from the test data. The
intercept function shows a good prediction with -paaint generated correction factor.

However, this case was not considered a prefeasd given that this situation generated
a significantly large mean-squared error in thedjoteon (see Table 6.18 and Figure
6.15). The key finding from this table was tha¢ thO-point calibration for the three

functions yielded insignificant differences betweeunclear and adjusted non-nuclear
readings.
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Table6.27 Paired T-Test Results Comparing Adjusted Non-Nuclear Density to

Actual Nuclear Readings

Raw Adjusted 3-| Adjusted 5-| Adjusted

Device reading, pt cal, pt cal, 10-pt cal,

p-value p-value p-value p-value

Intercept PT 0 0 0 0.424
function 300 0 0.169 0 0.333
301 0 0.009 0 0.439

Slope PT 0 0 0.001 0.444
function 300 0 0 0 0.439
301 0 0 0.002 0.412

Slope & PT 0 0 0 0.259
intercept 300 0 0 0.013 0.497
function 301 0 0.007 0.020 0.228

The theoretical maximum density (TMD) values focleanix ID were collected and
analyzed to determine if adjusted non-nuclear reggji expressed as percent density,
were similar to nuclear readings. WisDOT denspgdfication requires that a certain
percentage of the TMD be achieved, as measureai®g ©r the nuclear density gauge
(WisDOT 2003). This data has been presented ine$ab.28 through 6.30 for the
intercept, slope, and slope-intercept functionspeetively, using 10 random points. The
tables show that for all the three functions, ino2® of the 29 cases, the pass/fail criterion
match for the nuclear gauge and the Pavetrackacele\Similarly, the criteria match in
23 of 24, and 21 of 22 cases for the PQI 300 anld3®@, respectively.

From the data presented in Tables 6.27 through &.8pPpears that either function can be
used to generate the adjustment factors. Figure, Glowever, illustrates the distinctly
large mean squared error for the intercept funcegeen with the use of 10 random points
to generate the adjustment factor. It is recomradrntiat the intercept function not be
used.

It is recommended that the slope function be prefeover the slope-intercept function,
given it has a more simplistic approach involveddatermining the correction factors.
This can prove to be a significant advantage feldfpurposes. With the slope-intercept
function, field staff would be required to generdieear regressions, and the
computations are more complex than the more simaglihtercept function.

It also appeared that the use of a larger numbgsbfpoints in the calibration (10 in this

case) offset some of the inherent error distrimgimoted while comparing the non-
nuclear readings against the nuclear readings.
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Table 6.28 Results of Pass-Fail Assessment using I ntercept Function

D e % Nuclear| PT PQI| PQI Nuclear| PT 300 301
300 | 301
1 157.5| 915 93.8 93.8 94.2 pass pass pass
2-d1 | 155.9] 915 92.8 926 92/6 pass pass pass
2-d2 | 155.9] 915 93.7 938 93|6 pass pass  pass
3 153.2| 915 93.6 93.8 93.4 pass pass pass
4 156.2| 915 92.5 92.b 92.5 pass p+ss pass
5 155.8| 89.5 94.4 94.5 94.4 pass p+ss pass
6 156.2| 89.5 93.1 93.p 93.b pass pass pass
7-d1 | 161.2| 915 93.2 931 93j2 930 pass pass DAS8SS
7-d2 | 161.0f 915 92.4 920 93|]3 931 pass pass Da|Sass
8 157.5| 915 92.6 92.4 9255 pass pass pass
9 157.5| 915 934 93.2 932 pass inss pass
10-d1| 157.7| 915 91.9 92,0 91i9 pass pass  pass
10-d2| 157.7| 915 92.9 927 92|6 pags pass pass
11-d1| 155.6| 915 93.8 940 94{4 942 pass pass pagass
11-d2| 155 91.5 92.7 920 930 9312 pass pass hasass |p
12 155.5| 915 93.7 93.0 93|18 93|19 pass pass  passss |pa
13-d1| 155.5| 915 93.8 939 93|7 pags pass pass
13-d2| 155.8/ 915 93.5 93/7 93|13 932 pass pass pagass
14-d1| 154.1f 895 93.5 933 937 936 pass pass pasass
14-d2| 154.1f 895 92.8 9371 92(8 927 pass pass pasass
15-d1| 154.5| 90.5 92.4 9216 92{1 919 pass pass pazass
15-d2| 154.5| 90.5 93.2 935 93|13 933 pass pass pazass
16-d1| 156.5| 90.5 93.3 9219 92[3 922 pass pass pasass
16-d2| 156.3] 915 91.7 916 91i13 914 pass pass Faail
17 160.5| 89.5 875| 87p 879 87|6 Fail Fail Fail il Fa
18 157.8| 90.5 914 91.6 91)7 91i8 pass pass passss (pa
19 156.5| 91.5 924 92.1 92/6 92/4 pass pass  passss |pa
20 161.1] 89.5 90.0 89.6 89/6 896 pass pass  passss |pa
21 157.7) 89.5 94.5 946 9413 944 pass pass passss (pa
RESULT N/A | 29/29| 23/24 21/22
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Table 6.29 Results of Pass-Fail Assessment using Slope Function

. Min Percent TMD Pass or Fail for WisDOT Criterion
MixID | TMD % | Nuclear| PT z(% l;OQll Nuclear PT 300 301
1 157.5| 915 93.8 93.4 94.2 pass pass pass
2-d1 155.9] 915 92.8 92.6 92/6 pass pass pass
2-d2 155.9] 915 93.7 93.8 93/6 pass péss pass
3 153.2| 915 93.6 93.3 93.4 pass pass pass
4 156.2| 915 92.5 92.% pass| pass pass
5 155.8| 89.5 94.4 944 94.4 pass pass pass
6 156.2| 89.5 93.1 93.2 93.4 pass pass pass
7-d1 161.2] 915 93.2 93.1 932 93)0 pass pass pagmss
7-d2 161.0f 915 924 93.0 9344 932 pass pass pagmss
8 157.5| 915 92.6 924 92p pass pass pass
9 157.5| 915 93.4 93.2 93p pass pass pass
10-d1 | 157.7, 915 91.9 92.0 91)9 pass pass pass
10-d2 | 157.7] 915 92.9 92.7 92|16 pass pass pass
11-d1 | 155.6f 915 93.8 94.0 9414 94)2 pass pass papsss
11-d2 155 91.5 92.7 929 93J0 93p pass pass passss (p
12 1555 915 93.7 93.9 93)7 938 pass pass passss |pa
13-d1 | 155.5 915 93.8 93.9 93]7 pass pass pass
13-d2 | 155.8 915 93.5 93.y 93|3 9343 pass pass papsss
14-d1 | 154.1] 895 93.5 93.8 93|7 935 pass pass papsss
14-d2 | 154.1] 895 92.8 93.1 92|8 92/7 pass pass pag|ss
15-d1 | 154.5] 90.5 924 92.¥ 92]1 92/0 pass pass pag|ss
15-d2 | 154.5 90.5 93.2 93.5 93|3 93J2 pass pass papsss
16-d1 | 156.5 90.5 93.3 929 92|3 92{1 pass pass papsss
16-d2 | 156.3) 915 91.7 91.6 912 913 pass pass FaiFail
17 160.5 89.5 87.5 87.6 879 876 Fail Fail Fail il Fa
18 157.8] 90.5 914 91.6 917 91.9 pass pass passss |pa
19 156.5| 91.5 92.4 92.1 926 924 pass pass passss |pa
20 161.1f 895 90.0 89.6 895 89.6 pass pass passss |pa
21 157.7| 895 94.5 945 943 944 pass pass passss |pa
RESULT N/A 29/29| 23/24| 21/22
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Table6.30 Resultsof Pass-Fail Assessment using Slope Function

' Percent TMD Pass or F_aiI for WisDOT
Mix 1D | TMD I\ﬂ/lon 5o 5o Criterion
Nuclear PT 300 | 301 Nuclear| PT 300 301
1 157.5| 915 93.8 93.8 94.1 pass pass . pass
2-d1 155.9] 915 92.8 92.7 92.1 pass pass pass
2-d2 155.9] 915 93.7 93.7 93.6 pass pass pass
3 153.2| 915 93.6 93.4 934 pass pass pass
4 156.2| 915 92.5 92.5 92.5 pass p+ss pass
5 155.8| 89.5 94.4 94.7 94.5 pass p+ss pass
6 156.2| 89.5 93.1 93.3 93.4 pass pass pass
7-d1 161.2] 915 93.2 93.1 93.8 93|0 pass pass papsiss
7-d2 161.0f 915 924 92.9 93.2 93|1 pass pass papsiss
8 157.5| 915 92.6 92.4 92.% pass pass pass
9 157.5| 915 93.4 93.3 93.4 pass p:iiss pass
10-d1 | 157.7, 915 91.9 92.4 91.9 pass pass pass
10-d2 | 157.7] 915 92.9 92.7 92.6 pass pass pass
11-d1 | 155.6f 915 93.8 94.1 94.3 94,2 pass pass papsss
11-d2 155 91.5 92.7 92.9 93.2 93(1 pass piass passss |p
12 1555 915 93.7 93.9 93.y 93/5 pass pass passss |pa
13-d1 | 155.5 915 93.8 93.§ 93.f7 pass pass pass
13-d2 | 155.8 915 93.5 93.5 93.8 93\2 pass pass papass
14-d1 | 154.1] 895 93.5 93.3 93.8 93\3 pass pass ﬂ)apass
14-d2 | 154.1] 895 92.8 93.0 92.8 927 pass pass ﬂ)apass
15-d1 | 154.51 90.5 92.4 92.7 92.1 9119 pass pass ﬂ)apass
15-d2 | 154.5 90.5 93.2 93.4 93.p 93\2 pass pass ﬂ)apass
16-d1 | 156.5 90.5 93.3 92.7 92.3 92,2 pass pass ﬂ)apass
16-d2 | 156.3) 915 91.7 91.4 91.6 917 pass pass ﬂ)apass
17 160.5 89.5 87.5 87.4 87.8 87]2 Fai Fail Fail il Fa
18 157.8] 90.5 914 91.7 91.8 92/0 pags pass passss |pa
19 156.5| 91.5 92.4 91.9 92.6 92|15 pags pass passss |pa
20 161.1| 89.5 90.0 89.6 89.5 895 pags pass Fail il [Fa
21 157.7| 895 94.5 94.4 94.8 944 pass pass passss |pa
RESULT N/A | 29/29| 23/24| 21/22
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6.10 Stability of 10-Point Slope Function on Multiple Days Paving

Previous analysis determined that the 10-point tians produced statistically similar

averages between raw nuclear and adjusted nonamuadings. The analysis also
recommended using the 10-point slope function tpshdhon-nuclear readings to the
nuclear readings. In this section, the stabilityhe 10-point slope function was analyzed
on projects where testing occurred on multiple daygshe same mix ID. This analysis
assessed the impact when the slope function conhfnaien Day 1 paving was applied to
Day 2 paving.

Table 6.31 presents the results, using the prewsongputations from Table 6.23, along
with the addition of the Day 2 corrected readings@ Day 1 slope function. In general,
the results indicated that a Day 2 slope functiseduto adjust Day 2 readings was more
accurate than a Day 1 slope function used to a@jagt2 readings. This was supported
by greater error values computed from the lattgar@gch. Additionally, PaveTracker
produced less error than both PQI models when #ye Dslope function was applied to
Day 2 raw readings.

When comparing the Day 2 corrected readings usiagday 2 function, and the Day 2
corrected readings using the Day 1 function, these a change in average density. For
the PaveTracker, on 7 of 8 mix IDs, the mean diffiee between the nuclear and
adjusted non-nuclear readings increased when tlyel Danction was applied, indicating
the Day 2 slope function provided a better adjustnoé Day 2 readings than using the
Day 1 function on Day 2. For example, on mix ID, #% average difference increased
from 0.2 pcf to 0.4 pcf, and on mix ID #15 the diffnce increased from 0.5 pcf to 1.3
pcf.

The PQI models produced even greater differencemnwhe Day 1 function adjusted
Day 2 non-nuclear readings. For example, on mix#D using the PQI 300, the
differen?ce increased from 0.1 pcf to 8.1 pcf. Cated MSE increased from 2.8 p¢b
69.4 pcf.

In summary, a daily slope function more accuraseyusts non-nuclear readings than
using a previous day’s slope function. This maytlbe result of changes in project
variables that were determined to affect non-nualeadings. Thus, it is recommended
that daily slope functions be computed until futdeg¢a support a shift to using a previous
day’s slope function.
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Table 6.31 Resultsof Applying 10-Point Slope Function on Multiple Paving Days

Mix ID Measured data, pcf Predicted density, pcf Mean Sq. Error
MC4 PT 300 | 301 PT 300 | 301 PT 300 301
1 147.8 | 141.1 . 127.2  147[7 . 1483 1.82 2.81
2-d1 144.7| 137.5 136.1 14414 1444 . 2.32 397
2-d2 146.1| 139.4 130.0 : 1463 144.0 . 2.67 2183
2-d2* 146.5 | 138.0 . 2.7 69.4 .
3 143.4 | 130.4 . 1231 1429 1431  3.89 1.70
4 1444 | 1325 . 122.8 1445 . . 3.51 : .
5 147.1 | 137.8 . 125.9 1474 . 147.1  2.60 3.41
6 1454 | 138.1 . 125.0 1456 . 1459 4.45 2.89
7-d1 150.3| 148.1 136.6 13271 150.0 150.3 149.9 1.72.43 2.34
7-d2 148.7 146.9 137.6 13244 149.7 150.4 150.0 2498.31 5.73
7-d2* 1488 | 1514 . 1.9 13.1 6.3
8 145.8 | 143.5| 133.7 . 1456 1457 240 3p1
9 147.0 | 139.5| 127.1 1285 146(8 146.8 3.83  4{06
10-d1 | 145.0| 139.0 131.6 . 1452 1449 117 0|83
10-d2 146.4| 139.4 133.}Y . 1463 144.0 ) 1.5 2{95
10-d2* 1455 | 147.2 . 25 33

11-d1 1459| 130. 1109. 118/5 146.3 1469 146.6 9 2.75.76 3.44
11-d2 143.7| 129.3 1109. 118]9 144.0 144.2 1444 2 1.44.82 4.51
11-d2* 1448 | 1479 | 1470 | 24 224 14.6
12 145.7 | 129.3 121. 1194 146/0 145%.7 1459 091850 1.31
13-d1 145.9| 1424 129. 125/4 146.0 1457 145.8 3 1.71.55 1.78
13-d2 145.7| 141.3 128. 124)5 14.0 1454 1453 2 1.71.60 2.48
13-d2* 1449 | 1449 | 1447 | 23 21 3.2
14-d1 144.1| 1394 130. 124|1 143.8 1443 144.1 5 151.76 1.91
14-d2 143.0| 137.4 126. 124)3 1435 148.0 1429 8 1.30.69 0.87
14-d2* 1422 | 139.8 | 1444 1.8 10.8 29
15-d1 142.8| 127.0 118. 118|3 143.2 1424 142.1 2 2.82.60 3.94
15-d2 144.0| 128.4 117. 118J0 1445 1441 1441 3 1.61.23 2.00
15-d2* 1453 | 1420 | 141.7 | 29 52 7.7
16-d1 146.1| 136.0 124. 122|/0 1455 1444 1442 5 3510.04| 11.34
16-d2 143.4| 133.9 123. 121)3 143.2 14R6 1428 9 239.01 6.18
16-d2* 1429 | 143.0 | 1433 | 25 8.6 5.8

=
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17 1405 | 126.7, 122.6 1209 1406 141.0 1405 6/10.12 8§ 10.23
18 144.3 | 130.20 123.2 1212 1446 1448 1449 105482 3.57
19 144.6 | 140.00 137.7 1307 1441 1450 1446 220.107 5.41
20 145.0 | 126.1 122.1 1207 144{3 1443 144.3 528.857 11.43
21 149.1| 143.7) 130.7T 125;8 1491 1487 1489 165.504 3.66
Average Mean Squared Error for all MIX IDs 251 e.1 422
Average Mean Squared Error for all MIX IDs* 2.6 8.4 5.1

* Day 1 dope correction factorsused for Day 2 raw reading adjustment
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6.11 Investigation of Moisture Correction for PQI Models

The analysis of variance and previous plots coreduthat moisture had an effect on the
difference between nuclear density readings andr®@inuclear density readings. The
previous error analysis also determined that therR@dlels had a greater source of error
associated with the correction to the nuclear dernguge. As a result, a moisture
correction was investigated for the PQI models m edfort to manage the errors

(residuals) and the difference between nucleamamdnuclear readings.

Using pooled data from all mix types, the residealors from the 10-point slope

prediction models were plotted against moisturei@sl The plots for both the PQI 300
and 301 are shown in Figures 6.18 and 6.19, raspbct A least-squares regression line
was fit between the residuals and moisture valunestested for significance. From this

test, along with a visual analysis of the leastasgs regression line, there was no
correlation between the residuals and moistureeglindicating that no valid correction

factor can be introduced for moisture in the paveime
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Figure6.18 Moisture Correction for PQI 300 using Pooled Data
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Figure6.19 Moisture Correction for PQI 301 using Pooled Data

Then, similar plots were investigated for indiviluaix types to determine if a project-
specific correction could be applied. Figure 6@ 6.21 provide the plot and least-
squares regression line for Mix ID # 17 for botk #QI 300 and 301, respectively. The
same conclusion was reached from the pooled dattgtiatically significant correlation
was not found between moisture values and residuale modeled regression line in
Figures 6.20 and 6.21 was primarily a function atliers at extreme low and high

moisture values.

Therefore, it was concluded that a statisticalyagiicant moisture correction of residuals
was not possible for both PQI models. The unerplierror (residuals) in the earlier
sections of this report for both PQI models werentlused in the next chapter of the

report for the acceptance specification.
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Figure6.20 Moisture Correction for PQI 300 from Mix ID #17
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Figure6.21 Moisture Correction for PQI 300 from Mix ID #17

Moisture Content - PQI 301
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CHAPTER 7 NON-NUCLEAR QC/QA ANALYSIS

7.1 Introduction

This chapter investigated the application of the-naclear calibration procedure for
quality control and acceptance testing on WisDOGjguts. The investigation used the
current WisDOT Section 460 specification as a stgrbasis. First, the current nuclear
density specification was investigated, then thev riest procedure for non-nuclear
gauges was developed. Finally, a procedure foeraehing the allowable difference
between non-nuclear density gauges was outlined.

7.2 Current WisDOT Specification

Currently, WisDOT computes the mean to determineci§ipation compliance for
pavement density. Seven nuclear density readirgsamdomly taken within a 750-ton
lot, averaged, and compared against specificatiomtsl to determine contractor
compliance and payment (WisDOT 2003). The samjde of n=7 was selected by
WisDOT after the conclusion of the 1996 densitydgtu

7.2.1 Previous Density Study

From the previous density study, an equation wapgsed that incorporated the mat
variability, as measured by cores, and a regressmumtion from 14 projects that

corrected the nuclear readings to the core valueniid et al. 1996). It was learned
during the study that the nuclear density gaugel regher than cores for lower

maximum density values (say, 145 pcf), and lowemntltores for higher maximum

density values (say, 160 pcf). Thus, correctiomwélear readings to core density was
recommended with a regression equation. Equatibrwas proposed to determine the
number of samples per lot. [Note — Equation 7.1his report was Equation 4.3 in the
1996 report.]

2 2
g +0 -
Cl.=z \/{ m nEq“*""’”“ ] ............................................................ (7.1

Where:
C.l. = confidence interval;
Z = z-statistic for desired level of confidence;
Omat = variance of mat (standard deviation of mat segigr
OEquation 3¢ = mean square error of regression equation; and
n= number of density samples per lot.

A 95% confidence level (5% risk level) and confidenaterval of+ 1.0 pcf were
specified for the estimated density average (Hasinal. 1996). Using data from 14
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projects, the population mat variance was estimabetle 4.0 péf and the resultant
population standard deviation estimate was 2.0 pthe error in Equation 3.6, as
estima?ted by the Mean Square Error term duringticedl least squares regression, was
2.3 pcf.

Table 7.1 illustrates the use of Equation 7.1 dm relationship of sample size with
confidence limits, using the following values frohet1996 report: Z = 1.9@,° = 4.0
pcf; and Oequation 36~ = 2.3 pcf. In the last column, a confidence interval ofqeet
density is provided for a theoretical maximum dgnsi 158 pcf to put the interval in
context of normal field use.

Table 7.1 Relationship of Confidence Interval and Number of Tests (Adopted from
Hanna et al. 1996)

Sample Confidence Confidence
Size, Interval, Interva)
n +/- pcf +- %
1) (2) )
1 4.9 3.1
2 3.5 2.2
3 2.8 1.8
4 2.5 1.6
5 2.2 1.4
6 2.0 1.3
7 1.9 1.2
8 1.7 1.1
9 1.6 1.0
10 1.6 1.0
11 1.5 0.9
12 1.4 0.9
13 1.4 0.9
14 1.3 0.8
15 1.3 0.8
16 1.2 0.8
17 1.2 0.8
18 1.2 0.7
19 1.1 0.7
20 1.1 0.7
21 1.1 0.7
22 1.0 0.7
23 1.0 0.6
24 1.0 0.6
25 1.0 0.6
& Interval based on 158 pcf maximum density
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Clearly, the confidence interval narrowed as the lmemmof samples was increased.
Beginning at a sample size of n=22, the confidentval was at the desired width of
1.0 pcf (after rounding). Thus, the 1996 dendiiylg recommended a total of 25 density
tests to estimate the average pavement densitymnwithl.0 pcf when both the mat
variability and regression equation error were ader®d (Hanna et al. 1996).

The 1996 study also recommended that two 1-minuteleau readings be taken
consecutively at each test site and compared s$ahdalifference did not exceed 1.0 pcf.
Then, the two readings were to be averaged to prodwgiegle density reading for the
test site. Two 1-minute readings had the advantageetecting testing error by
comparing reading differences, and two 1-minuteirggdwere able to estimate the same
mean density as a single 4-minute test. Anotheefiienas testing time, where two 1-
minute tests required half the test time of a €rgminute test.

After conclusion of the 1996 study, WisDOT elected taotise the regression equation,
the average of two 1-minute nuclear readings pérsiés, and n=25 test sites per lot.
Rather, a single 4-minute nuclear reading was saleeind the average of n=7 test sites
were used to determine pavement density within at@b0et (WisDOT 2003). Cores
were not used to calibrate the nuclear gauge otradé@ional mixes (LV, MV, and HV),
however, cores were specified with SMA-type mixes. Baiclgauge calibration was
determined on each project by comparing the meifereince of two (or more) gauges at
10 correlation test sites. If the mean differemees within 1.0 pcf, the gauges were
approved for use on the project. If the mean ckfiee was exceeded, an investigation
was conducted, and possibly the gauge out of célioravas disqualified from the
project.

7.2.2 Analysis of Current Specification

A sample size of n=25 test sites with two 1-minuteliegs density readings would have
required a significant testing effort by field $tidr each 750-ton lot (approximately one
hour of testing time, plus 40 to 50 minutes fordalyand travel between sites). However,
the implications of the current n=7 sample siz&l payment tolerance of 0.5% required
investigation as new data were collected in thisdgt and WisDOT and industry
transition towards non-nuclear density devices.

Since only the mat variability was considered in therent specification, Equation 7.1
was modified by removing the regression error cornepbto yield Equation 7.2. Similar
to Equation 7.1, Equation 7.2 has four inter-relateomponents, including: (1)
confidence limits of the mean, (2) Z-statistic the probability level, (3) variability as
measured by the population standard deviation danee, and (4) number of samples.
As Equations 7.2 implies, there is a lesser numbsamples required when the precision
is reduced, when the probability level is reducedyloen the standard deviation is small.
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Where:
C.l. = confidence interval;
Z = z-statistic for desired level of confidence;
o = standard deviation of the mat; and
n = number of samples.

Data from the 16 projects (21 mix types) in thisdgtdound that the mat population
standard deviation generated from 20 to 30 tess sdinged from 1.1 pcf to 4.0 pcf. It
was not possible to estimate the population standiewdhation value for every 750-ton lot
in the study because of several factors, such tnement of traffic control on projects
constructed under traffic, time for coring, waitifug rollers to clear, and only testing the
standard n=7 test sites with the QC project gauge.

From the 1996 study, and 2005 data in this studgmeaian value for mat standard
deviation was specified at 2.0 pcf. Table 7.2 shthesrelationship of sample size with
confidence limits using Equation 7.2 and the follogvinput values: Z = 1.96 amghy =
2.0 pcf. The last column calculated a confidengerval of percent density using a
typical theoretical maximum density of 158 pcf (Gmr2.539) to put the interval in field
context.

Calculations in Table 7.2 indicate that the curmenf sample size, coupled with a 95%
probability level (5% risk) and mat standard dewatof 2.0 pcf, yielded a confidence
interval of £+ 1.5 pcf, and+x 0.9 % density. This indicates that both WisDOT and
contractors are exposing themselves to greatethiegk the recommended 5% level. The
current specification begins penalizing contractats0.5% less than the specified
minimum density value (i.e., 92% minimum densitygins penalties at 91.5% actual
density). The current n=7 sample size allows thamieterval to encroach 0.4% density
beyond that penalty threshold (0.9% - 0.5% = 0.4%Jjditionally, the wider interval
allows a greater probability of achieving a denbityius incentive.

Based on a sample size of n=7 and mat standardtaevof 2.0 pcf, the probability level
of the finding the average density withtrl.0 pcf was estimated to be 81.4% (z=1.323).
The probability level of the finding the averagehin + 0.5 % density using TMD=158
pcf was 70.4% (z=1.045). It is recommended thatisidjents be made to the current
nuclear density specification if risk levels areb reduced from current levels of about
20% for the pcf average, and 30% for the percensitle average. The sample size
should be increased and/or the penalty tolerandedoeased.
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Table 7.2 Current Relationship of Confidence Interval and Number of Tests

Sample Confidence Confidence
Size, Interval, Interva)
n +/- pcf +/- %
1) (2) 3)
1 3.9 2.5
2 2.8 1.8
3 2.3 1.4
4 2.0 1.2
5 1.8 1.1
6 1.6 1.0
7 15 0.9
8 1.4 0.9
9 1.3 0.8
10 1.2 0.8
11 1.2 0.7
12 1.1 0.7
13 1.1 0.7
14 1.0 0.7
15 1.0 0.6
16 1.0 0.6
17 1.0 0.6
18 0.9 0.6
19 0.9 0.6
20 0.9 0.6
21 0.9 0.5
22 0.8 0.5
23 0.8 0.5
24 0.8 0.5
25 0.8 0.5
®Interval based on 158 pcf maximum density
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7.3 Sample Size Deter mination for Non-Nuclear Gauges

Sample size for non-nuclear gauge testing for @rgiwt on a project was determined
using Equation 7.3. This equation was similar todmpn 7.1, except for replacement of
the regression error term with the slope-functiororeterm (MSE). In the previous

chapter, the 10-point slope function was recommeridedevelop a correction between
nuclear and non-nuclear gauge readings.

2 2
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Where:
C.l. = confidence interval;
Z = z-statistic for desired level of confidence;
Omat = variance of mat (standard deviation of mat segigr
OSlope Emor = Mean square error of slope function; and
n= number of density samples per lot.

Sample size determination required consideratidootti the variability commonly found
in the mat, and the variability generated during tandom 10-point slope adjustment
between the nuclear gauge and non-nuclear gaugeseTiwo variability sources are
additive, and must be estimated to yield a valud $pecification.

The MSE values from Table 6.23 provided importardasures of uncertainty, or
variability, in the slope function on a typical prot for all three non-nuclear gauge
models. From Table 6.23, the average respective Mues were: PaveTracker = 2.51
pcf: PQI Model 300 = 4.16 pgfand PQI Model 301 = 4.22 gcf A greater amount of

error was produced for the PQI models when the slag@stment function was

computed.

The MSE associated with the PQI models was usedtesndme sample size in the test
specification, even though the PaveTracker modelléss error. In that manner, the test
specification would be robust to all models. TaBl&8 provides the relationship of
sample size with confidence limits, using the follogvinput values: Z = 1.9@Imaf = 4.0
pcf; and Osjope error> = 4.2 pcf.  In the last column, a confidence interval ofqeet
density is provided for a theoretical maximum dgnsf 158 pcf to put the interval in
context of normal field practice.

A 95% confidence interval of 1.0 pcf andt 0.6 % density was reached when the

sample size was n=30. To reduce the confidencevaiteo + 0.5 % density, a total of
n=50 samples would be needed.
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Table7.3 Sample Size Deter mination for Non-Nuclear Test Specification

Sample Confidence Confidencd
Size, Interval, Intervd)

n +/- pcf +/- %
1) (2) (2)
6 2.3 1.5
8 2.0 1.3
10 1.8 1.1
12 1.6 1.0
14 1.5 0.9
16 1.4 0.9
18 1.3 0.8
20 1.3 0.8
22 1.2 0.8
24 1.1 0.7
26 1.1 0.7
28 1.1 0.7
30 1.0 0.6
32 1.0 0.6
34 1.0 0.6
36 0.9 0.6
38 0.9 0.6
40 0.9 0.6
50 0.8 0.5
60 0.7 0.5
70 0.7 0.4
80 0.6 0.4
90 0.6 0.4
100 0.6 0.4

¢ Interval based on 158 pcf maximum density

A total of n=30 test sites with the non-nuclear gaaigirst glance may appear more time
consuming than n=7 nuclear gauge readings. Ta8l@rovides a comparative estimate
of test time between the current n=7 nuclear gapgeification, and the developed n=30
non-nuclear test specification. It was estimated travel and identification of each test
site was about 90 seconds. A nuclear gauge reqabedt 39 minutes of total time,
while the non-nuclear gauge required about 53 m#ute
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Table 7.4 Comparison of Test Time between Nuclear and Non-Nuclear Gauges

Activity Nuclear Gauge, Non-nuclear Gauge,
n=7 sites n=30 sites
() 2) 3
Site Layout and Travel 1.5min.x7=11mjn. 1.5 min. x 30 =45 min
Test Time 4min.x7=28min. 0.25 min. x 30 = 8 min
Total Layout and Test Time 39 min. 53 min.

7.4 Tolerance between Two Non-Nuclear Devices

WisDOT verifies that contractor nuclear density ataepe tests are within a tolerance of
the WisDOT QA verification tests. WisDOT also perforindependent verification
testing (Independent Assurance) to ensure that QAtitursc and test procedures are
properly conducted. Such a comparison requiresnaparison of means, and statistical
tools are readily available for this purpose.

A fundamental issue is whether the field staff usesime (split-sample) test sites, or
independent test sites. If the same test site is used, aédacomparison is made, where
the effects of sampling different areas of the aratblocked out. If a QA gauge operator
chooses to sample a different area of the mat, wWikybe exposed to additional field
variability through an independent sampling of that. WisDOT and WAPA are free to
choose split sampling or independent sampling @ir therification procedure, however,
the additional variability of independent samplingll increase the sample size
comparison for an equivalent risk and precisiorelev This feature is further described
in the following sections.

7.4.1 Independent Sample Comparison

Equation 7.4 is recommended to determine meanréeiftees for independent-sample
data, for specified risk levels and sample sizad, \ahered is defined as the difference
betweenpyo (mean at null hypothesis) apgia (mean at alternative hypothesis). In a
practical sense, how far can two tests be apart &ach other, as measured between the
normal null value, zero, and an alternative valuengtthe probability of experiencing a
true mean difference becomes very large (say, 3090%).
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where, n = number of tests;
20° = twice the pooled variance between agency andaxcinirtests;
Z,2 = standardized statistic of null hypothesis inegetance
region (at 95 percentz = 1.96);
Zg = standardized statistic of null hypothesis iecéipn region
(at 80 percent, Z= 0.842); and
d = difference between means.

The pooled variance is a weighted average of thecggand contractor variances, based
on the number of samples and variances generateédthyWisDOT and the contractor.
Since WisDOT and contractors generate nearly equival@ariability with their
respective nuclear gauges, a consensus variandeecselected, then multiplied by two.
From the previous analysis, a value of the variam@go . = 4.0 pcf.

7.4.2 Split Sample Comparison

Equation 7.5 is recommended to determine meanreiftes for split-sample data, for
specified risk levels and sample sizes, and whevas defined as the difference between
Myo (mean at null hypothesis) apda (mean at alternative hypothesis).

2

_ (Za/Z +Zﬁ)2
nNn=0p ——m——

d2

where, n = number of tests.
op’ = variance between split samples, (std. dgv.)
Zy2 = standardized statistic of null hypothesis inegtance
region (at 95 percent2z = 1.96);
Zg = standardized statistic of null hypothesis iecéipn region
(at 80 percent, Z= 0.842); and
d = difference between means.

The variance between split samples is estimated ygwpulation values (n > 30), and not
with a small project-specific samples, such as n=I@e variance measures the variation
in the difference between two gauges measuring geaisthe same test sites. The split-
sample variance is estimated in a following section.
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Both Equation 7.4 and 7.5 state that the numbézsti$ used in a comparison of means is
a function of: (1) variability, (2) true differendeetween means, (3) probability that the
mean difference is contained within a defined acueqe region (k), and (4) probability
that the mean difference is outside the definecke@atence region (k. The primary
difference between these equations is the variabdim.

7.4.3 Analysis of Current WisDOT QA Procedure

WisDOT currently allows an average difference of 1dd Ipetween two gauges on a
project while testing QMP test sites (WisDOT 2005). $ame projects in this study,

both independent-sample and split-sample comparis@ne observed between WisDOT
and contractor nuclear gauge operators. As a rdsoilh comparison approaches were
investigated.

7.4.3.1 Independent Sample Analysis

Equation 7.4 was applied to the independent samgieparison using the following
input values: g = 1.96; 4 = 0.842; andoma = 2.0 pcf. Table 7.5 provides the
relationship between the sample size and allowalfferehce between WisDOT and
contractor nuclear readings. Table 7.5 indicatest ¥0 test site comparisons are
necessary to achieve a true difference of 1.0 Ipaged on the stated risk levels and
pooled variance. This suggests that the currebtptf difference does not have the
ability to discriminate against the true mean défece between readings at the stated risk
levels.
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Table 7.5 Independent-Sample Allowable Difference between Nuclear Gauges

Sample Allowable | Allowable
Size, Difference,| Differenée
n +/- pcf +/- %
) (2 3
1 6.0 3.8
2 4.3 2.7
3 3.5 2.2
4 3.0 1.9
5 2.7 1.7
6 2.5 1.6
7 2.3 1.4
8 2.1 1.4
9 2.0 1.3
10 1.9 1.2
12 1.7 1.1
14 1.6 1.0
16 1.5 1.0
18 1.4 0.9
20 1.3 0.9
30 1.1 0.7
40 1.0 0.6
50 0.9 0.5
? Interval based on 158 pcf maximum densify

7.4.3.2 Slit Sample Analysis

Equation 7.5 was applied to investigate the spltga comparison between WisDOT
and contractor gauges using the same test sitdge split-sample standard deviation
project values in Table 4.3 (Column 7) were averageygield an estimate alp = 1.03
pcf. Then, the following input values were appligaluding: Z,, = 1.96; 4 = 0.842;
and op = 1.03 pcf. Table 7.6 provides the relationshgiween the sample size and
allowable split-sample difference between WisDOT andtre@tor nuclear readings.
Table 7.6 calculated that 5 comparison test sitese wecessary to achieve a true
difference of 1.0 pcf, at an alpha risk of 5%, @eth risk of 20%. This indicates that the
current WisDOT procedure is adequate with 5 test,spesvided that a split-sample
comparison is made.
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Table7.6 Split-Sample Allowable Difference between Nuclear Gauges

Sample Allowable | Allowable
Size, Difference,| Differenée
n +/- pcf +/- %
) (2 3
1 2.2 1.4
2 1.6 1.0
3 1.3 0.8
4 1.1 0.7
5 1.0 0.6
6 0.9 0.6
7 0.8 0.5
8 0.8 0.5
9 0.7 0.5
10 0.7 0.4
12 0.6 0.4
14 0.6 0.4
16 0.5 0.3
18 0.5 0.3
20 0.5 0.3
30 0.4 0.3
40 0.3 0.2
50 0.3 0.2
? Interval based on 158 pcf maximum densify

7.4.4 Power Concept

The previous two examples provided an evaluatiobatif the independent-sample and
split-sample comparison approach at specified laskls. The calculations provided in
both examples require an understanding of the pawecept. Using the split-sample
example, if a comparison is desired between sphtpta QA measurements for non-
nuclear readings, there would be an 80% chancetetting a true difference of 1.0 pcf
density. If the difference is less than 1.0 plog probability of detecting a true difference
would be less than 80%.

Figure 7.1 illustrates the power concept. The @bito discriminate true mean
differences is lost as the difference moves cldsgether. In other words, a strong
statement can only be made for true differences wihemeans are further apart (1.0 pcf
with n=5 test sites). Another option is to compaadings at 3 test sites. Then, if there
were a mean difference of 1.3 pcf, the probabilitydetecting a true mean difference
would be 80%, the same “power” as a 1.0 pcf diffeeeston=>5 test sites.
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Figure7.1 lllustration of Power Concept for Detecting a True M ean Difference

7.4.5 Variability for Comparison of Non-Nuclear Gauges

Data collected in this study provided estimatesaofability for both independent-sample
and split-sample comparisons for corrected nonearcdensity readings. Table 7.7
provides standard deviation population estimatesawh mix ID for (1) the individual
corrected non-nuclear gauges, and (2) the differdratween the corrected non-nuclear
readings for all combinations of the three modédi$fdrence of PaveTracker and both
PQI models, and difference between both PQI modeéls)mentioned earlier, it was not
possible to collect data for all three models ooheproject, and those are shown as
empty cells in Table 7.7.
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Table 7.7 Standard Deviation Estimatesfor Comparing Corrected Non-Nuclear

Readings
Sample Gauge Standard Deviation, pcf Split-Sample StanBedation, pcf
Mix 1D Size PaveTracke| PQI 30( | PQI 30. | PT-PQI30(|PT-PQI30; 300-30:
1 29 1.99 . 1.00 . 1.57
2-d1 30 1.70 1.37 0.90
2-d2 20 2.08 1.48 . 0.82 .
3 30 2.06 0.98 1.59
4 30 1.60 0.89 1.35
5 30 191 0.92 1.33
6 32 2.80 . 1.15 . 2.28 .
7-d1 30 2.07 1.98 1.18 1.72 1.36 1.38
7-d2 30 1.94 2.77 2.07 2.08 1.47 1.25
8 32 1.85 1.50 1.03
9 32 2.27 1.98 151
10-d1 20 1.57 1.89 1.15
10-d2 20 1.80 2.42 . 1.50 . .
11-d1 30 1.14 1.25 1.00 1.12 0.86 0.78
11-d2 20 1.06 2.00 1.33 1.54 1.18 0.91
12 20 1.14 0.89 0.50 0.85 0.81 0.47
13-d1 21 1.33 1.63 1.12 0.95 0.85 0.74
13-d2 20 2.13 1.57 1.14 1.12 1.42 0.57
14-d1 30 1.40 131 0.87 0.94 0.77 0.75
14-d2 20 1.28 0.96 0.56 0.99 1.22 0.58
15-d1 20 2.68 1.34 0.86 1.84 2.12 0.68
15-d2 30 1.42 0.82 0.61 0.95 1.20 0.60
16-d1 30 2.53 1.89 1.24 1.57 1.94 0.82
16-d2 20 1.61 2.18 1.27 1.74 1.25 0.95
17 30 2.77 2.23 1.91 1.45 1.96 1.74
18 30 2.08 191 1.64 1.15 1.39 0.47
19 46 1.88 2.59 2.00 2.13 1.82 1.03
20 30 4.55 2.94 2.00 2.18 2.89 1.02
21 45 2.45 2.36 1.62 1.48 1.60 2.10
Avg. Standard Deviation 1.97 1.80 1.21 1.36 1.44 0.94
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7.4.6 Independent-Sample Comparison for Non-Nuclear Gauges

It is recommended that a statistically-based tolegavalue be adopted to determine if
two non-nuclear gauges are statistically differefihen, necessary corrective action can
be taken if the difference is exceeded.

Equation 7.4 was applied to the independent-saropieparison using the following
input values: g, = 1.96; 3 = 0.842; antpgoiea= 1.89 pcf. The value afpogeq= 1.89
pcf was estimated as the pooled variance for thetwase scenario where PaveTracker
and PQI 300 models would be compared on a projegicracke= 1.97 pcf anapg) 300=
1.80 pcf). These values were used to create TaBlefor the allowable difference
between WisDOT and contractor non-nuclear readingydoying sample sizes. Table
7.8 indicates that 30 test site comparisons aressacy to achieve a true difference of 1.0
pcf, based on the 5% alpha risk and 20% beta exaiis.

Table 7.8 Independent-Sample Allowable Difference between Non-Nuclear Gauges

Sample Allowable| Allowable
Size, Difference,| Differenége
n +/- pcf +/- %
1) (2) 3)
1 5.7 3.6
2 4.1 2.6
3 3.3 2.1
4 2.9 1.8
5 2.6 1.6
6 2.3 1.5
7 2.2 1.4
8 2.0 1.3
9 1.9 1.2
10 1.8 1.1
12 1.7 1.0
14 1.5 1.0
16 1.4 0.9
18 1.4 0.9
20 1.3 0.8
30 1.0 0.7
40 0.9 0.6
50 0.8 0.5
® Interval based on 158 pcf maximum densify
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7.4.7 Split-Sample Comparison for Non-Nuclear Gauges

Equation 7.5 was used to develop the allowable @iffee for split-sample comparison of
predicted non-nuclear readings with the followingunpalues: 4, = 1.96; 4 = 0.842;
andop = 1.49 pcf. The value alp = 1.49 pcf was chosen to design against the worst-
case scenario of the higher standard deviatioerdifice of the PaveTracker and PQI 301.
These values were used to develop Table 7.9 foratluevable difference between
WisDOT and contractor non-nuclear gauges for a rahgample sizes. The table shows
that 10 test site comparisons are necessary te\achi true difference of 1.0 pcf, based
on the 5% alpha risk and 20% beta risk levels.

Table7.9 Split-Sample Allowable Difference between Non-Nuclear Gauges

Sample Allowable | Allowable
Size, Difference,| Differenége
n +/- pcf +/- %
1) (2) 3)
1 3.2 2.0
2 2.3 1.4
3 1.8 1.2
4 1.6 1.0
5 1.4 0.9
6 1.3 0.8
7 1.2 0.8
8 1.1 0.7
9 1.1 0.7
10 1.0 0.6
12 0.9 0.6
14 0.9 0.5
16 0.8 0.5
18 0.8 0.5
20 0.7 0.5
30 0.6 0.4
40 0.5 0.3
50 0.5 0.3
® Interval based on 158 pcf maximum densify
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CHAPTER 8 IMPLEMENTATION

8.1 Introduction

The previous chapter provided recommendations toe thew non-nuclear test
specification. This chapter presents issues teiden when implementing the new
specification.

8.2 Implementation |ssues

The primary issues for implementing the non-nuckest specification are the nuclear
density gauge requirement, operator familiarity witle devices, battery charging,
adhering to manufacturer recommendations, computireg slope function, test site
layout, and training. A brief discussion of eacldfes.

8.2.1 Nuclear Density Gauges

Nuclear density gauges are a necessary componehé afew specification, since they
provide the most accurate calibration of the noolemr gauges to true pavement density.
It was the goal of the study to move away from naicgauges; however, nuclear gauges
are the only feasible benchmark at this time, afswla cores.

8.2.2 Operator Familiarity

Non-nuclear density gauges are a new technology tec&dsin paving, and not
complicated to operate. Operators should gain rigoidliarity with the gauges, similar
to the first experience operating the nuclear dgrgauge. Immediate benefits of the
non-nuclear gauge are lighter weight for the operahorter test time, and no nuclear
licensing requirement. However, the licensing rezpaignt will be necessary to develop
the slope function with the nuclear density gauge.

8.2.3 Battery Life

A charged battery in the non-nuclear gauges lagisoapnately 4 to 6 hours, much less

than a nuclear gauge battery. The operator will i@amecharge the battery after each
day of paving, a practice that is not common withlear gauges. In addition, the battery
compartment is not readily accessible in the notlear gauges; manufacturers should be
consulted to change batteries.
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8.2.4 Manufacturer Recommendations

An important finding in this study was the sensiyivdaf the non-nuclear readings to

moisture index values of about 10. The new testiBpation must enforce this value,

otherwise erroneous readings will be measured. TQ& rRodels have a moisture

reading, however, the PaveTracker model lacks fdasure. In addition, the 5-point

cluster testing within a test site poses a new tethod to operators, but can be easily
standardized with repeated testing.

8.2.5 Computing the Sope Function

The computations of the daily slope function in thew test procedure are straight
forward, and should pose minimal challenges toebhriicians operating the non-nuclear
gauges. The operator simply divides the 10-pairciear gauge readings by the 10-point
non-nuclear gauge readings. Then, the factor i#tiphed by all raw non-nuclear
readings. The computations should reside with tiedd foperators, and upper
management involvement is not necessary. Slopgstmignt computations can be an
added component of the WisDOT Highway Technician @eation Program (HTCP)
courses.

8.2.6 Test Ste Layout

The implementation of a new specification will reguér greater effort to layout n=30 test
sites, as compared to the current n=7 test sNieslear Density | technicians are familiar
with random station and centerline offset computegjcso it is a matter of performing
more site layout, and not a new method of layoubm@utations for the test sites can be
updated using current HTCP manuals and practices.

8.2.7 Training

Education and training are key to implementing niegv test specification. This report
offered detailed explanations of computations, gmdvided numerous tables with
calculations. WisDOT may want to supplement the joley information with additional

examples as necessary. Operator training is negeasd should be formalized within
the HTCP, most likely in thBluclear Density | course.

8.2.8 Pilot Program
It is recommended that the new specification betgiloon several projects as soon as
possible, to expose the industry to the technolagyl collect additional data as

necessary. It will be necessary to compute a ddage-adjustment function until data
support a move towards a single calibration for a deisign.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

This report conducted a field evaluation of porallon-nuclear density gauges to
determine their effectiveness and practicality €prality control and acceptance of
asphalt pavement construction. The following cosidns were reached:

The literature review of previous field studies gelly found a comparison of
cores with the non-nuclear Pavement Quality Indicé®@l) gauge, non-nuclear
PaveTracker gauge, and/or a nuclear density gadde studies found a bias
between cores and both the nuclear and non-nuckemyeg on all projects. Bias,
or the difference between the non-nuclear gaugee#theér the core or nuclear
gauge, was generally below 10 pcf. When recommentativere stated in a
study, non-nuclear devices could be used for quabntrol, however, they were
not recommended for quality assurance or accepttestang. Bias correction
factors were also recommended using a single addialue.

Three portable non-nuclear gauge models were eeaua this study, including
the TransTech PQI Models 300 and 301, and TroxeePracker Model 2701b.
A CPN MC-3 nuclear density gauge was compared to ¢timenaclear gauges;
six-inch diameter cores were tested to ensure nugeaage calibration. A
consistent finding was a bias between nuclear andnoolear gauges, and a
change in bias within a project between days or fereit mix type. All non-
nuclear models consistently read lower than theeauajauge. PQI Model 301
read 11.2 to 27.2 pcf lower than the nuclear gawpde PQI Model 300 ranged
from 4.2 to 26.6 pcf lower. PaveTracker varied frbfto 17.7 pcf lower.

An analysis of variance determined that severalofacaffected the difference
between the nuclear and non-nuclear readings, imguafjgregate source, design
ESALs, passing no. 4 sieve, lab air voids, aspbaittent, aggregate specific
gravity, and pavement layer thickness. The analgisio confirmed that moisture
values for PQI models must be below a value of $0stated in manufacturer
recommendations, to yield valid test results.

Several other calibration types were investigated, @etermined not suitable at
this time, including operating the gauges direetfier warm up, calibrating to

WisDOT test blocks, calibrating to manufacturer refie block, and calibrating

to Superpave gyratory specimens. At this time, earcensity gauges are the
only feasible method to calibrate the non-nuclearggs.
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Three calibration functions were investigated ussets of 3, 5, and 10 random
points, including the intercept by adding a constorrection factor, slope by
multiplying a constant correction factor, and shlopercept by multiplying a

slope term and adding an intercept term. The éefdr function, commonly

recommended in other studies, had substantiallyeramor with the PQI 300 and
was not recommended.

The stability of the 10-point slope function comgaitfrom Day 1 paving was

applied to Day 2 raw non-nuclear readings to asdessnmipact. The results
indicated that a Day 2 slope function used to adpesy 2 readings was more
accurate than a Day 1 slope function used to a@jagt2 readings. PaveTracker
produced less error than both PQI models when the IDslppe function was

applied to Day 2 raw non-nuclear readings.

The current nuclear density specification was mseek and analyzed, and it was
determined that the current n=7 sample size, cduplth a 95% probability level
(5% risk) and mat standard deviation of 2.0 patJded a confidence interval &f
1.5 pcf, andt 0.9 % density. Based on a sample size of n=7naaidstandard
deviation of 2.0 pcf, the probability level of theding the average density within
+ 1.0 pcf was estimated to be 81.4%. The probaldiel of the finding the
average withint 0.5 % density was 70.4%. This indicated that MgtetDOT and
contractors are exposing themselves to greaterthiak the recommended 5%
level.

Sample size for non-nuclear gauge testing for aergilot on project was
determined to be n=30 test sites, based on a 9%ftdeace level, both mat and
slope-function error, and confidence intervalstof.0 pcf andt 0.6 % density.
To reduce the confidence interval #00.5 % density, a total of n=50 samples
were necessary.

A procedure for determining the difference between-nuclear density gauges
was detailed. It was determined that when indepensitag are used for non-
nuclear testing, 30 test site comparisons are sacg$o achieve a true difference
of 1.0 pcf, based the pooled variance, alpha risk%, and beta risk of 20%.
When the same test sites are used for comparigtih gample), 10 comparison
test sites are necessary to achieve a true differeh 1.0 pcf, at the same risk
levels. The power concept was illustrated to deteentihe true mean difference
between gauges by compensating for alpha and Is&ta ri

The primary issues for implementing the non-nuclesst specification were
detailed. Several aspects require consideratioeciuding the nuclear density
gauge requirement, operator familiarity with the ides, battery charging,
adhering to manufacturer recommendations, computiegslope function, test
site layout, and training.
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9.2 Recommendations

The following recommendations were made from the dathanalysis presented in this
report:

» Adjust the current nuclear density specificationgk levels are to be reduced
from current levels of about 20% for the pcf averaand 30% for the percent
density average. The sample size should be inedeasd/or the penalty
tolerance be increased.

* Conduct a project-specific calibration between tlhelear and non-nuclear
gauges since many of the factors affecting nonearaliensity readings were
mixture or project specific. Calibration to onlyet nuclear density gauge is
recommended

* Apply a 10-point calibration using the slope funotioather than the intercept
and slope-intercept functions, since it has lessreand a more simplistic
approach for field purposes. A daily slope functroore accurately adjusts
non-nuclear readings than using a previous daydpeslfunction. It is
recommended that a daily slope function be computetll future data
support a shift to using a previous day’s slopefiom.

» Specify a sample size for non-nuclear gauge testing=30 test sites per lot,
based on a 95% confidence level, measured matbilégia slope-function
error, and confidence intervals #f1.0 pcf andt 0.6 % density. To reduce
the confidence interval t& 0.5 % density, a total of n=50 samples is
recommended.

* Adopt a statistically-based tolerance value, or figecmean difference, that
would determine if two non-nuclear devices are dtesily different, in order
to identify corrective action. Based on the dailected, it is recommended
30 test sites be used for independent sample casopar and 10 test sites for
split-sample comparisons.
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APPENDIX A

FigureA.2 PQI 301

Figure A.2 PaveTracker
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Figure A.4 PaveTracker testing SGC Specimens
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