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The Oregon Department of Transportation (ODOT) ddath specifications require a
minimum density for the construction of dense-gchdeot mix asphalt (HMA)
pavements. Currently, the standard specificatiosi$ for density measurements for
quality control (QC) and quality assurance (QAlitesto be made using nuclear density
gauges that are calibrated using reference blookscarrelated (adjusted) to densities
from pavement cores. QC measurements (performetthdogontractor) are verified by
QA measurements (performed by ODOT); then ODOTizesl the contractor's QC
results for determining acceptance of the pavem@mt conjunction with other
specification criteria). Hence, appropriately qutoey an HMA pavement, based on the
in-place density criterion, relies on the accuratyhe density measurements. However,
density measurement results using nuclear gauges lbeen observed by ODOT to be
guestionable on a number of projects, and repd#éyadond reproducibility with the same
gauge and between gauges has been unattainable.

The overall objective of the project described eneas to develop a system that
accurately quantifies density of dense-graded HM&gments. More specifically, the
objectives were to: 1) investigate the efficacyh@ various methods used by ODOT and

other agencies for determining in-place HMA densfyassess current practices used by



ODOT and other agencies for determining in-placeAd8&nsity using nuclear gauges;
3) conduct field and laboratory testing and anayteedetermine the most accurate and
reliable state-of-the-practice means for deterngnimplace HMA density; 4) provide
recommendations for changes to current practices improve accuracy and
reproducibility of in-place HMA density measurengnising nuclear gauges; and 5)

provide recommendations for alternate means fargehing in-place HMA density.

To satisfy the first objective, a literature reviewas conducted and summarized herein.
For the second objective, practices employed by D@re observed and assessed. For
the third objective, state-of-the-practice methosled to measure HMA density (i.e., tests
on core samples using the saturated surface-dryaatmmnatic vacuum sealing methods,
nuclear density gauge measurements and electrotagieasity gauge measurements)
were investigated. Numerous statistical compassoh the results were made to
determine the best combination of measurement rdsttw ensure accurate assessment
of HMA density for a variety of construction sceioar Finally, the findings from the
first three objectives were used to formulate gtmmmendations identified in the fourth

and fifth objectives.

Some of the significant findings that are basedtlms supporting evidence from the

research are as follows: 1) Nuclear gauge denstiesld be adjusted to core densities
for future in-place density testing of HMA paven®n2) Cores should be tested in

accordance with CoreLok testing procedure and gatding the SSD methods; 3) Cores
should be extracted from the overlapping portiorthef footprints of the nuclear gauge

measurements; 4) It is sufficient to take two narclgauge readings (perpendicular and
parallel to the direction of paving) rather thanrfoeadings; 5) Under certain conditions,
the core adjustment factors obtained from the bottfi can be used to adjust the nuclear
gauge densities on at least the next two overljftegof the same pavement; and 6) The
electromagnetic gauge adjustment factors couldsled on more lifts than nuclear gauge
adjustment factors to adjust measurements; anctr@heagnetic gauge densities were not

significantly different from core densities.
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1.0 INTRODUCTION

The density of hot mix asphalt (HMA) pavementsustsan important factor in
ensuring that the pavement has a long serviceitife,used by several states as a partial
basis for paying the contractor. Based on the pniayiof the measured pavement density
value to the target value specified by the state state department of transportation pays
the contractor accordingly; typically a bonus faceeding the target value, or a penalty
for not achieving the target value (or removal agplacement if sufficiently below the
target value). The target value set by the Oregepament of Transportation (ODOT)
is at least 92% of the maximum theoretical den§MyiD) for dense-graded paving
mixtures exposed to very heavy traffic volumes ea\y truck traffic (54). To ensure that
the density is within acceptable limits ODOT reegsirthat the contractor develop and
execute a quality control plan to measure paverdensity at a frequency based on
tonnage of material placed. ODOT currently test%16f the locations tested by the

contractor to assess the quality of the contrastmeasurements (54).

The service life of a pavement can be improved i§ icompacted to at least the
target density, but not greatly exceeding the targer this, it is always important to
verify the density of a pavement while it is withihle compactable temperature range. If
the pavement density value falls below the targdtie, it must be further compacted
until the target density is obtained; or, it mustremoved and replaced if the density far
exceeds the target value (unless accepted astisebstate). This is because the service
life of the pavement is reduced if the densityhef tompacted pavement is too low or too
high, thereby resulting in frequent repairs or aepiment of the pavement, which can be
quite expensive. Such expenses can be avoideeri is a system which can measure
density accurately and quickly. If the densitylué pavement can be accurately measured
while the pavement mat is still within compacti@miperature range, then the pavement
can be suitably constructed to last longer ands,tprevent expenses for early repair or

replacement.



Since density of the compacted pavement plays gorit@nt role in determining
and ensuring the longevity of an HMA pavement, teisearch initiative was undertaken
by the Oregon Department of Transportation to dgveh system that accurately
guantifies the density of dense-graded HMA pavemerithis involved critically
evaluating how ODOT currently measures HMA densty,nvestigation and evaluation
of what other agencies do to measure HMA densitgl, @nducting testing and analysis

of alternate ways of measuring HMA density.

1.1 Background

Traditionally, the density of hot mix asphalt pavents has been measured using
cores cut out from the pavements. The density testscores are performed in a
laboratory and the results are known to be mosirate (1 and 3). However, the process
of obtaining density results from cores takes sq lthat the pavement has already cooled
down below the suitable temperature range for #@ffeccompaction. Thus, density
results obtained by cores can be suitably usedjdiatity assurance but not for quality
control. For quality control, nuclear gauges areduby the state of Oregon. Nuclear
gauges can be used to measure density quickly @telagcurately; thus, they are used to
indicate whether or not further compaction is neaggwhile the pavement is still within
a suitable temperature range. However, nuclear egage not as accurate as cores in
density measurement (33). The number of nucleageydensity readings and the method
of obtaining them, and the number of cores andyipe and method of density tests to be
performed on them vary from state to state in thedd States. While some states prefer
to use only cores or only nuclear gauges, othéestarefer to use a combination of both

for QC and QA purposes.

A more recent method of measuring density of cartgzh pavement
involves use of electromagnetic gauges, which ard ®© be the least accurate and
unreliable means of measuring density (5, 7, 1632229, and 39).



1.2 Objectives

The primary objective of this research was to dgved system that accurately
guantifies the density of dense-graded hot mix asgavement to be used by the state of
Oregon for QC and QA purposes. More specificahg, dbjectives of this research effort

were to:

1. Investigate the efficacy of the various method=luseODOT and other
agencies/entities for determining in-place HMA dgns

2. Assess current practices used by ODOT and othercagtentities for
determining in-place HMA density using nuclear gesig

3. Conduct field and laboratory testing and analysiddtermine the most
accurate and reliable state-of-the-practice meamnddtermining in-place
HMA density.

4. Provide recommendations for changes to currentipescto improve
accuracy and reproducibility of in-place HMA degsiteasurements
using nuclear gauges.

5. Provide recommendations for alternate means farahing in-place
HMA density.

1.3 Scope

Chapter 2 of this report provides a summary ofterdture review that was
conducted to investigate research work performedthers regarding the efficacy of
methods for measuring in-place HMA density inclgdimuclear gauges, electromagnetic
gauges, and measurements on cores. Also, methodsirgf the gauges to obtain the
most accurate density results and factors thatctaffieferent types of gauges were
investigated. In addition, other states’ practieesutilizing density as part of HMA

acceptance were reviewed.



Based on the findings from the literature review, experiment design was
developed for the field and laboratory investigasias detailed in Chapter 3, whereas
Chapter 4 summarizes the findings from the fieledgt and Chapter 5 summarizes the
findings from the laboratory study. Chapter 6 jdeg details of the statistical analyses
performed on the various data obtained, and Chaptprovides a discussion of the
results. Finally, Chapter 8 provides conclusiond eecommendations based on all the

findings from this research effort.



2.0 LITERATURE REVIEW

One of the tasks undertaken as part of this effi@$ to conduct a literature
review to determine the state-of-the-practice réigar hot mix asphalt pavement density
measurement in the United States. This literatengew covers methods of density
measurement that utilize cores, nuclear gaugesekastromagnetic gauges, either solely
or as a part of a differences system. In additgates’ practices in utilizing density as
part of hot mix asphalt acceptance are summarikbd.sources for literature included
the Transportation Research Information Servicd®l$) online database, Oregon State
University Library (for journal publications), s& department of transportation
websites (for density testing methodology and Quaftontrol/Quality Assurance
specifications), and gauge manufacturers’ websitesupdated information and research

studies conducted in evaluating gauge performafte) findings are synthesized below.

2.1 Methods for measuring in-place density of hot m asphalt pavements

In-place density of hot mix asphalt pavements isnmonly determined by
extracting cores and measuring the bulk specifavity of the cores in a laboratory and
converting the results to density, or by directlgasuring the pavement density through
use of nuclear density gauges, or electromagnetiges. The former method is often
referred to as a “destructive method,” whereas rtteghods employing a nuclear or
electromagnetic gauge are “non-destructive.” Thiéofiong sections provide a brief

overview of each method.

2.1.1 Density measurement on cores

Cores are extracted from a pavement after the paneis laid, thus making it a
destructive process. Bulk specific gravity measuets are then made on the cores in a
laboratory. The methods of measuring bulk spegfavity of cores include: a) saturated
surface-dry method, b) paraffin-coated methodutdmatic vacuum sealing method, and
d) dimensional analysis. The bulk specific grawfythe core specimen determined by

any of these methods is then multiplied by the daitsity of water to obtain the density



of the hot mix asphalt core sample. These methoelslescribed briefly in the following

paragraphs.
a) Saturated surface-dry specimen method

The saturated surface-dry method is described IS ARO T 166 (41)
and ASTM D 2726 (42). According to AASHTO T 166jstimethod should not
be used for specimens that contain open or inteexied voids and absorb more

than 2.0% water by volume.

Briefly, test procedure is as follows: 1) determthe dry mass of the
specimen (A); 2) submerge the specimen in wateraf@pecified period and
determine its submerged mass (C); and 3) removegheimen from the water,
wipe off the surface moisture and determine itsirsé¢d surface-dry mass (B).
The bulk specific gravity is then determined byiding the dry mass by the
difference between the saturated surface-dry mask smbmerged mass as

indicated in Equation 2.1.

Bulk Specific Gravity=;—c (2.1)

b) Paraffin-coated specimen method

The paraffin-coated specimen method is describeAASHTO T 275
(47) and ASTM D 1188 (48). AASHTO T 275 indicatésitt this method can be
used for specimens that contain open or intercdedemids and/or absorb more
than 2.0% water by volume because the specimemased with paraffin to

prevent water from penetrating the surface conaeabdéls(12).

Briefly, the test procedure is as follows: 1) detgre the dry mass of the
specimen (A); 2) coat the entire specimen with eteparaffin and allow it to
cool before recording the cooled specimen mass3yubmerge the specimen in

water for a specified period and determine its seged mass (E); and 4)



determine the specific gravity of paraffin (F). uagjon 2.2 is then used to
calculate the bulk specific gravity of the specimen

Bulk Specific Gravity= (2.2)

A
D-E-( D- Aj
F

The parafilm method is the same as the paraffin method except

that, instead of coating the specimen with paratffins wrapped in parafilm and

the mass of the wrapped specimen is recorded as D.
c) Automatic vacuum sealing method

The automatic vacuum sealing method is describ@gdASHTO T
331 (49), ASTM D 6752 (50), and CoreLok operatarianual (53). It can be

used to determine the specific gravity of both fiaed coarse-graded mixtures.

Briefly, the test procedure is as follows: 1) detime the dry mass
of the specimen at room temperature (A); 2) place a plastic bag and evacuate
the air from the bag using a vacuum chamber, a@ad determine the mass of the
sealed specimen in air (B); and 3) determine thesnwd the sealed specimen
submerged in water (E). Using the apparent spegrfwity (F) of plastic sealing
material at 25°C (77°F) provided by manufacturequdtion 2.3 is then used to
calculate the bulk specific gravity of the specimen

Bulk Specific Gravity= (2.3)

B-E-( B- Aj
F

d) Dimensional analysis

In this method, the density of the pavement is alliyeobtained by
calculating the mass and the volume of the pavemsention. The mass is



obtained by weighing the pavement section; andytieme is calculated based
on the dimensions of the pavement section. Theityerssthen calculated by
dividing the mass of the pavement section by isatisional volume.

2.1.2 Density measurements using nuclear devices

An alternative method of measuring density (instedsing cores) is to use a
nuclear density gauge. The density values obtairséty nuclear density gauges can be
compared with those obtained using cores to determran adjustment factor for the

gauge measurements.

Nuclear density gauges can measure density of hotagphalt pavements in a
span of a few minutes. The methods of density nreasents using nuclear density
gauges include: 1) backscatter mode, and 2) diracsmission mode. However, for
measuring density of bituminous pavements, the siatler mode is generally used (3).
The direct transmission mode is used for measuheaglensity of materials such as soils
and aggregate. The backscatter method of densigumement is described briefly in the

following paragraphs.

The procedure for calibrating and operating eackleau density gauge is
provided by the manufacturer of the gauge. The austhfor measuring density using
nuclear gauges, calibrating gauge, correlating gawgdings with core densities are
described in AASHTO T 310 (43), ASTM D 2950 (44)AQTC TM 8 (55), ODOT TM
304 (56), ODOT TM 327 (57). A state may eitherdallone of the above methods, or it

may develop its own procedure for determining dgnssing a nuclear density gauge.

The basic principle employed in measuring denggiyng the backscatter
mode is as follows: 1) the gauge contains a ratliasource that emits gamma photons
from the surface of the pavement down into the peard; 2) the materials in the
pavement (hot mix asphalt) absorb some of the pisotohile the remaining photons are
scattered back into a detector located in the gél@e27); and 3) the number of gamma

photons reaching the detector is used to calculsedensity of the pavement (27). It



should be noted that the nuclear gauge is calitbraséng blocks of material of known

density (typically three blocks of differing dengiprior to use in the field.

Nuclear density gauges are set to display a dengitlpe after taking
measurements which last thirty seconds, one mirmutigur minutes. A majority of the
states that use nuclear gauges use a time spannefnonute to take density
measurements (as observed in Appendix A). Somieeofaictors that vary between states
that use nuclear gauges are: 1) the number antiaudd readings that must be averaged
to get the density value at a particular locatemmg 2) the direction and angle of rotation
of gauge between readings (Appendix A).

2.1.3 Density measurements using electromagneticwiees

The procedure (calibration and operation) for meagu density using
electromagnetic devices is provided by the manufactof the gauge. ASTM D 7113-05
(58) and AASHTO TP 68-04 (59) also describe proceslor determining density using

electromagnetic devices.

During operation the electromagnetic device sendsan electrical sensing field
into the pavement (27). This field is produced Ipplging an electrical charge to a
conductor (5 and 36). The pavement is a dieleotrizcon-conductor, which impedes the
flow of this electrical current, and thus decreasestrength. This decrease in strength
can be measured using dielectric constants. THectlie constant of the pavement mix
can be measured by an electromagnetic sensing edeVite dielectric constants of
individual components of the mix are already knasimce they are constavelues(27,
36). When the pavement is compacted, the quantigach pavement component (e.g.,
aggregate, binder, etc.) remains the same, butathe/oid content decreases, thus
changing the ratio of the volume of air to thatadther components, which causes a
change in the dielectric constant of the system #ngs, a change in the electric signal
(5). The gauge measures this dielectric constadtciiange in electric signal. Then it
applies a correction for sensor impedance, surfacisture and temperature variation

based on data input (which has to be done evegytii@re is a change in site conditions).
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Finally, it relates this to a proportional densiglue since the amount and type of each
pavement material remains constant except for&irT{he electromagnetic device can
measure density in a few seconds. Significantlys ihot required to have a license to
operate such devices (27, 36, and 39).

2.2 Summary of the Quality Control and Quality Asswance procedures

currently used in Oregon for measuring in-place desity.

To determine in-place density, firstly, five locats are randomly identified on
each sublot (1 sublot = 1000 tons) and nuclear gangasurements are made on them.
The nuclear gauges are calibrated in accordante@IXOT TM 304. Two nuclear gauge
density readings in the backscatter mode are takelnaveraged at every location such
that the gauge is rotated 90° after each readirdgtesmined in figure 3.1. The average
of these two readings provides the density at linedtion. The procedure followed to
handle and operate nuclear gauges is describedAQMZ TM 8. In this manner, the
density is obtained at five random locations arerthverage is determined. The target
density on most types of hot mix asphalt concreteements is 92% of the moving
average maximum density (MAMD) for that job mix daula (JMF) on the given lift as
mentioned in section 00745.49 (b) of the Oregonnd&ded Specifications for
Construction, 2008. The maximum density is deteeahim accordance with AASHTO T
209 and the MAMD is calculated in accordance witb@ TM 305. This is the quality

control testing and is the responsibility of thatractor.

Then, for acceptance or verification testing, ODi@dntifies 10% of the QC tests
and measures the density with their nuclear galfigee densities are within acceptable
limits, it is used in the calculation of the payctfar. If the densities are not within
acceptable limits, then an independent assurancigcaBon testing is performed by a
third party to determine the in-place density aadfy contractor results. At any time, the
contractor or ODOT can request for core correlatigim accordance with section
00745.49 (b) of Oregon Standard Specifications G@nstruction 2008) if they are
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skeptical about the density results. Core cormtatiare performed in accordance with
ODOT TM 327.

2.3 Studies on the various methods of density measment

This section provides a comparison of the differ@ethods of measurement of
density (i.e., by using cores, nuclear gauges, @ledtromagnetic gauges). It also
provides findings regarding calibration of nucleand electromagnetic gauges,
differences of density results obtained through dtiterent methods, and performance
and accuracy of the different methods and diffegautge models and manufacturers in

comparison with each other.

2.3.1 Studies on the measurement of cores

This section provides findings that compare thded#nt test standards for
measuring the bulk specific gravity of cores. Tihidudes the accuracy and variability of

the various methods, as well as the factors tatiathe measurements.

The densities obtained from cores are considerée tmore accurate and precise
(2, 3); they have lower variability than nuclearuga and electromagnetic gauge
measurements (1); thus, they are used as refenaaloes (2). However, the coring
process and laboratory procedure is time consu@)ygand transportation and testing of
cores increase the quantity, duration, and costvarik (1). Core samples cannot be
extracted until the pavement or mat has coole@,(and 3). Researchers have indicated
that core density values are typically made avhlabday after the pavement has cooled
(1, 2). Extraction of cores from the pavement istdetive (2, 3) and can possibly result
in premature pavement failure (2) due to localizgmints of weakness along the
pavement (1). Additionally, the pavement requira@scping after the cores have been
extracted (3).
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2.3.1.1 Issues with the SSD method

Although the SSD method is a very reliable mettibdre are certain issues with
this method (as observed from the literature sg)diEhese issues are explained in detall

below.
Problems associated with the SSD method at high anoid content

Cooley Jr. et al. indicated that core samples Wwigjin air void contents are likely
to have large voids interconnected to the samptse; thus allowing water to quickly
enter the sample during submersion in water, ancklyuexit the sample after removal
from water (12). This indicates that density ofecgpecimen is overestimated when the
air void content is more (interconnected voids) aiten the air voids are larger (5).
Cooley et al. also found that coarse-graded spedrhave larger, interconnected internal
air voids as compared with fine-graded specimef§ (1

At high air void content, the saturated surface4thgthod overestimates density
and bulk specific gravity (and underestimates aid\content). When air voids approach
8 to 10 percent, the mix becomes permeable andtseswan overestimated bulk specific
gravity and density and thus an underestimatedoddr content (6). This occurs because,
water that infiltrates the sample when it is sulgedr flows out of the core sample
through the large interconnected air voids whiles ibeing removed from the water bath
(6, 12). This results in a false or less-than-dctaturated surface-dry mass indicating a
decreased or underestimated sample volume, whidhirim, overestimates bulk specific
gravity and density and underestimates air voidertn(12). From the above findings, it
can be inferred that the density and bulk spegifavity is overestimated and the air void
content is underestimated when one uses the sedumsatrface-dry method; this is
especially true for coarse-graded mixes, which tenldave larger air void content than
fine-graded mixes (6, 12). Thus, the saturatedasertiry method is not appropriate for

coarse mixes due to interconnected air voids agrdfsiant surface irregularities (40).
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Willoughby and Mahoney recommended to use the IGiredevice (which
employs the Automatic Vacuum Sealing method desdrim AASHTO TP 69 and
ASTM D 6752) when the air void content exceeds i@¢d (25).

Variability of SSD results

According to Spellerberg and Savage, “For 9.5, 12i/d 19.0-mm mixtures
containing non-absorptive aggregates, AASHTO T 1%6an excellent method for
determining bulk specific gravity. The AASHTO T l1@easurement of bulk specific
gravity is a very precise process (for specimerth @% air voids and 0.5% absorption),
indicated by minimal error. The error is so smhaéttit may be impracticable to attempt
to find ways to improve AASHTO T 166” (11). For teame mixes, they also found that
the within laboratory and between laboratory caoedfits of variation for AASHTO T
166 (SSD method) were much better than those aatairsing the ASTM D 6752
(automatic vacuum sealing method) (11). Coolegtlal. also found that the results from
the CoreLok device (automatic vacuum sealing metiaae slightly more variable than
those obtained from the AASHTO T 166 method (12hey concluded that this
variability might have been due to the overall é&zsexperience of the personnel in
handling the CorelLok device (12).

Factors responsible for variability in SSD results

Spellerberg and Savage found that “For 12.5 an@ &®n mixtures containing
non-absorptive aggregates, approximately 90 pexfetie variation in AASHTO T 166
bulk density test results for 150 mm diameter spgeés gyratory test specimens can be
attributed to the mixing and compaction processl).(1For these mixtures, they
concluded “most of the variation in AASHTO T 166tteesults can be attributed to an
individual laboratory’s inability to produce unifar specimens” (11). They also found
that “The added variability resulting from use offetent equipment, and mixing and
compaction procedures in multiple laboratories doesappear to be very significant”
(11). However, the results obtained using AASHTQLA6 consist of additional and
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unspecified reproducibility errors, which are cali®y system level influences such as

operators, the coring process, and the specifibodettilized (38).

Alternative methods to alleviate the problems assated with the saturated surface-

dry method

Gedneyet al. recommended that cores with rough surfacast rhe paraffin
coated (15). Cooley Jr. et al. indicated that sarhe¢he alternatives to alleviate the
problems associated with the saturated surfacengeyhod include using parafilm,
paraffin wax, rubber membranes, and masking tagkerQalternatives include using
compounds like zinc stearate that are hydropholieclwwould prevent water from
penetrating into the sample. However, these alteesmwere not adopted by Cooley Jr.
et al. because they caused increased variabilibpik specific gravity measurements or,
damaged the sample such that additional testinggamat be performed on the sample
(12).

2.3.1.2 Advantages of automatic vacuum sealing metth (utilizing CoreLok device)
over SSD method

The CorelLok device utilizes an Automatic Vacuumli@gaprocedure (similar to
ones described in AASHTO TP 69 and the ASTM D 6462neasure the bulk specific
gravity of core samples. The bulk specific gragmd density) of core samples do not
differ significantly when they are measured in eliént laboratories and by different
personnel in accordance with AASHTO TP 69 (26).1®@a&d al. confirmed this fact in
their studies; they found that when cores wereeteéin accordance with AASHTO TP
69) by different personnel in three different ladtories, the mean difference observed
was 0.06 to 0.29 as a percent of MTD, which is weathin AASHTO TP 69 standards
(26).

When the Automatic Vacuum Sealing method (wheréi@ €CoreLok device
utilizes the procedure described by AASHTO TP 6381 M D 6752) was compared to
the saturated surface-dry method (wherein coremastly tested in accordance with the
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procedure described in AASHTO T 166 or ASTM D 272@@rature studies indicate that

the former method provides more accurate measutsrtiean the latter method.

Problems associated with the SSD method (and overoe by automatic vacuum-

sealing method utilizing CoreLok device)

Spellerberg and Savage found that “For 9.5, 12rid 49.0-mm mixtures
containing non-absorptive aggregates, the bulkiBpagavity values — from specimens
with 3 percent air voids and 0.5 percent absorptioobtained using AASHTO T166
(2.469, 2.495, and 2.497) are significantly higliean those obtained using ASTM
D6752 (2.456, 2.475, and 2.472)" (11). Even Coadleyet al. found that bulk specific
gravity results of coarse graded mixes (like cogrseled superpave and stone matrix
asphalt) measured using the AASHTO T 166 were fogmitly higher than those of the
CoreLok — when the water absorption exceeds 0.depér(12). But, at low levels of
water absorption (high density values), the bukkcHpc gravity measured by the two test
methods are similar (i.e., they do not differ sfgaintly) (12). This indicates that the
AASHTO T 166 method overestimates bulk specificvijyaat high water absorption
levels (unlike the CoreLok device) (12). Hence, IEgalr. et al. recommended that at

water absorption above 0.4%, the CoreLok must bd ts measure density (12).

Relation between coarse and fine graded specimeny &oid size and content, and

water absorption content

The AASHTO T 166 method also overestimates bullci§ipegravity at high air
void levels (unlike the CoreLok); and high air vadntent with larger air voids is more
prevalent in coarse-graded specimen (and mixes) thafine-graded specimen (and
mixes) (12). Even Williams and Hall indicated thimte graded mixes (12.5mm) have

smaller air voids when compared to coarse gradedsr(B37.5mm) (24).

From the above findings, it can be inferred thatdir void content and the water

absorption are directly related to each other dihety, high air void content leads to
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greater water absorption (and vice versa); anddiowoid content indicates to low water

absorption (and vice versa).

Cooley Jr. et al. also found that, for coarse dgiada, as density (or compaction)
of the sample increases, the bulk specific gramitgasurements obtained from the
AASHTO T 166 and the CoreLok method become closg). (Generally, higher density
and higher compaction mean lesser air void corgtedtlesser water absorption (and vice
versa) (5, 12). In other words, based on all trevatstudies, it can be inferred that when
a sample (or mix) has higher density or is higldynpacted (low air voids and less water
absorption), the AASHTO T 166 and the CoreLok measents are precise; but at low
densities or low compaction (high air voids and enwater absorption), AASHTO T 166

overestimates the bulk specific gravity.

Influence of gyration level on SSD and CoreLok BSQGesults of coarse-graded

specimen

For coarse specimens, as the gyration level dezse#isere is an increase in the
difference between AASHTO T 166 and CoreLok measerds of bulk specific gravity.
In other words, AASHTO T 166 overestimates bulkcHpegravity to a greater extent at
lower gyration levels than at higher gyration levelhis was indicated by Cooley Jr. et
al. in their studies; they noticed that, among twarse specimens (coarse-graded
superpave and stone matrix asphalt specimens datigys of 15, 50, and 100
respectively), the largest difference between AASHTT 166 and CorelLok
measurements of bulk specific gravity was obsemdte 15 gyrations (0.041 and 0.045
for Coarse and SMA mixes); slightly lesser diffexerwas observed in the 50 gyrations
(0.012); and least difference was observed in @tedyrations (0.008) (12).

Summary of Factors influencing BSG results obtainedising SSD method

Thus, it can be concluded that, unlike the Corefrmthod, the AASHTO T 166
overestimates the bulk specific gravity of a san(plemix) if the mix is a coarse mix
(i.e., utilizing coarse-graded aggregates), if tensity or compaction is low, if the
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gyration level is low, if the air void content igyh, or if the water absorption is high (12).
However, no significant difference exists betwees €CoreLok and the AASHTO T 166
measurement of bulk specific gravity for mixes thalize fine graded aggregates, have
high densities (or compaction), have high gyraterels, have low air void content, or

have low water absorption levels (12).

2.3.1.3 Advantages of automatic vacuum sealing meiti over other core testing

methods

Overall, the Automatic Vacuum Sealing method (whikescribed in AASHTO

TP 69 and ASTM D 6752 and which is utilized by tBereLok device) seems like a
more viable option for measuring bulk specific gigwhen compared to the saturated
surface-dry method (which is described by AASHTQ6b and ASTM D 2726). Cooley
Jr. et al. suggested that “the CoreLok vacuum-sgalevice could be used to determine
the bulk specific gravity of compacted hot mix aalprsamples with greater accuracy
than conventional methods such as water displadggnpamafilm, and dimensional
analysis.” Cooley Jr. et al. also cited anotherrs®uo indicate that “the CorelLok
vacuum-sealing device provides a better measuiatefnal air void content of coarse
graded mixes than other conventional methods” page 6). Willoughby and Mahoney
indicated that the Automatic Vacuum Sealing metlppdvides a better estimate of
density than the saturated surface-dry method hedParaffin (and Parafilm) method;
this is especially significant for samples thatdaw void content greater than 8% (25).
Even Padlo et al. recommended that all cores meigested for density in accordance
with AASHTO TP 69 (i.e., the Automatic Vacuum Saglimethod) (26).

2.3.1.4 Disadvantages of CoreLok device (automatiacuum sealing method)

Even though the CoreLok device seems like the wiasle option for measuring
bulk specific gravity and air void content, it ktihs some shortcomings. Spellerberg and
Savage found that “For 9.5, 12.5, and 19.0-mm megucontaining non-absorptive
aggregates, when ASTM D 6752 testing errors odtway result in densities that are

considerably lower than the expected density” (CDholey Jr. et al. suggested that even



18

the density values obtained from the CoreLok deware be slightly overestimated due to
bridging of the plastic bag over a sample’s surfacils. This over estimation can be
greater for laboratory prepared samples, which hexture on all sides as opposed to
field cores (12). The plastic bags specified in MSID6752 are susceptible to leakage
due to pin holes (11). Some labs (of the total ®fabs) reported that the CoreLok bags
used for samples were sometimes punctured; thigl éead to water infiltration or losing

of vacuum over time (12). Specific concerns witle tASTM D 6752 include the

durability of the plastic bags (susceptibility tm noles), possibility of the bag contacting
the side of the bath, and air being trapped urftebag while immersed (11). It may not

be possible to dry back specimens that take onrwlaténg immersion (11).

Spellerberg and Savage recommended that if AASHTIBA (saturated surface-
dry method) is used to determine the bulk spegfevity of specimens during the mix
design process it should also be used in qualitgtrob testing (11). They also
recommended that if ASTM D 6752 (Automatic Vacuuealghg method) is used to
determine the bulk specific gravity of specimensrduthe mix design process it should

also be used in quality control testing (11).

2.3.1.5 Disadvantages of dimensional analysis metho

The Dimensional Analysis method overestimates nitermal air void content and
the volume of the core sample, and thus it resmiltsr underestimated density value (12,
13). This was also indicated by Choubane et aheir studies; they found that when the
densities obtained from three core testing meth@disrida test method FM 1-T 166
similar to AASHTO T 166 except that immersion ofrgde was for 2_+1 minutes
instead of 4_+1 minutes, ASTM D 1188 method using parafilm, afichensional
analysis method i.e., weight and dimensions of £avere measured) were compared,
based on Rvalue of .93 to .97, they seemed to be quite aimBut, from ANOVA F-
value based on 95% confidence interval, there wdiation of significant differences
between the three values per location. The dersityes obtained from the dimensional
method were always lower. There was better diffegsrbetween the FM 1-T 166 (SSD)
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and the ASTM D 1188 (Parafilm) method (maximum efiéihce was 17 kgfnand

minimum difference was 2 kgfhand mean difference was 11.1 kg)ifi3).

2.3.2. Studies on nuclear gauges

This section provides information that comparefedint standards for measuring
density using nuclear gauges. This includes inftionaon variability of gauge density
readings, accuracy of various methods to measunsitgieof hot mix asphalt using
nuclear gauges, comparison of different nuclearggauby manufacturer and model,
methods for accurate calibration of gauges, antbfa¢hat affect nuclear gauge density
readings. This section also provides informatiolatesl to accuracy of gauge density
readings when compared to density readings obtdigembres. Information is provided
on calibration of the nuclear gauge and differenmlethe nuclear gauge readings with
corresponding core densities to obtain more aceursults. Other included information
relates to factors affecting differences of gaugd aore readings, and variability of

gauge readings.
General advantages of nuclear gauges

Nuclear gauges use a test procedure that is fdsh@m destructive (1, 2, and 3).
They can be used to provide results in less thamiautes (1). The principal advantage
of using nuclear gauges is that the pavement decait be measured immediately (while
the hot mix asphalt is in a workable state) allgyvieal-time adjustments to rolling
patterns (during compaction) so as to achieve el@slensity (2). In other words, density
can be measured while the mat is still hot, so tamdil compaction can be applied if
necessary (3). Thus, a greater number of measutsrasn possible, which allows for a
more accurate estimate of pavement density (2). ©geaires licensing to be able to
operate a nuclear gauge (1). Certified Technicalnlmg is required for a technician to
implement the Quality Control/Quality Assurancegass (30).
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2.3.2.1 Factors that influence nuclear gauge dengimeasurements

There are a number of significant factors that hawmesiderable influence on the
nuclear gauge measurements. Various details tisatide these factors and the level to

which they influence the nuclear gauge measurensatsdicated below.
Influence of lift thickness on nuclear gauge readigs

Nuclear gauges are affected by pavement thicknassthe thickness of a
pavement decreases, the density results obtaioad & nuclear gauge becomes more
variable. This is because, if the thickness is, I#8s nuclear gauge reading is influenced
by underlying layers. Esch found that a minor cleaimgcompaction (compaction affects
thickness) can cause a huge change in densityngedd8il). Gedney et al. found that
nuclear gauges are sensitive to thin overlays amdkenlying material, such that the
readings obtained are an average of the overlayttendinderlying material (15). They
also found that nuclear gauges are sensitive ttofh@ inches of pavement material, and
it gives greatest weight to materials that areedbso the bottom of the gauge (15). The
sub base material influences density readings nimae the base material. While Huot et
al. observed that the base course material haglagibée effect on density variability
(19), Parikh indicated that the sub base mateigglifscantly affects the density reading
(33). Parikh also found that, if thickness is h2tinches, then accuracy of nuclear gauge
density measurements is affected by one percedtjfaonp layer thickness is 1 inch or
lesser, then accuracy is affected by one to twoegmer(33). Manufacturers recommend
that nuclear gauges must be used only if the panetheckness is greater than 2.54cm
(or 1 inch) (1). While Sanders et al. found thatlear gauge density readings are
influenced by the mix type (1), Parker and Hossaimserved that the density
measurement variability is lesser in thicker bindex layers than in thinner ones (3).
They suggested that this can be due to the efféctmat thickness on density
determination and due to slower cooling of thickets that permits better compaction
control (3). Even Schmitt et al. found that matkiniess influences variability of nuclear
gauge density reading (31). Choubane et al. fohat the thin lift gauge results were

highly variable in spite of being corrected for thiect of underlying layers using the
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previous density data (13). Padlo et al. obsertatl ds the mat thickness increases, the
error or variability between gauge and core realidgcreases. They found that mat
thickness and aggregate source caused signifiaffetethce between gauge and core
results in the range of 0.3 to 1.2% of MTD (26)eyhmecommended that the thickness of
some pavements must be entered into certain gaugeasthe influence of underlying
layers, while determining density, is minimized. w&ver, they also pointed out that
entering the exact depth doesn’'t minimize this affsignificantly because different
gauges measure density up to different depths;ithesiecessary to enter a lesser-than-
actual depth in order to eliminate the effect ofuaderlying layer in determining the

density of the current layer (26).
Influence of aggregates on nuclear gauge readings

Huot et al. observed that the aggregate size infiee the nuclear gauge readings
such that it caused density variation to the raoige2% (19). Esch found that minor
changes in gradation, asphalt content and compactio cause huge changes in density
readings (21). Mix composition and mix aggregafetglso significantly affects nuclear
gauge density reading (33, 1, and 3). Parker ands&in suggested that different
acceptance limits should be set for different nypes. The acceptance limits should be

set using standard deviation of measurements &wifspmix types (3).
Influence of surface texture on nuclear gauge readgs

Huot et al. found that the surface texture hasgaififiuence on nuclear gauge
readings (19). Esch found that the correlationgwien gauge and core readings) are
affected by surface roughness and insufficient ldeyt penetration (or influence) of
nuclear gauges as compared to cores (21). Gednaly ®tund that the density values
obtained from nuclear gauges were significantlydothan those of cores for pavements
with rough surface texture; this is due to the uswn of surface voids in gauge’s
sensitive volume. The correlations improve when pla@ement is smoothened (15).
Rough surface texture causes the gauge to shoduae® density reading than the actual

density reading (26). A rough surface texture hasieven surface and thus more air
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voids will be present between gauge and pavemeriacg®) thus a less-than-actual

density reading will be displayed by the gauge .(26)

Influence of gauge type, testing location, and siteondition on nuclear gauge

readings

Type of gauge (or gauge model), project conditi@mg] location are factors that
significantly affect gauge readings. Burati anddglabi found (while measuring the joint
density) that the between-gauge differences isctte by project condition since it
significantly varies from project to project (3%)Iso, Stroup-Gardiner and Newcomb
found that little differences existed between cdemsity readings and nuclear density
readings; and a two-way ANOVA test indicated thhe tfactors responsible for
significantly different results between nuclear &ode readings were gauge type, testing
location, and site condition. (14). Even Choubanaleindicated that the gauge model
and the testing location are factors that signifigainfluence the gauge results. They
maintained that variability differs from gauge tauge and, within each gauge, from
location to location (13). Padlo et al. also foundheir studies that the type of gauge
used to measure pavement density is a cause foifisignt density variation. The
differences between gauge results were statistisidinificant. The mean difference in
reading between 2 gauges at the same location \8a® Q.36 as a percent of maximum
theoretical density. No two gauges produced siedibt similar results (out of the six

nuclear gauges used) (26).
Other factors that influence nuclear gauge readings

Some of the other factors that affected nuclearggadensity reading were
differences in temperature, using latex as a madifmilling of old pavement surfaces,
air gap, and nuclear gauge operator. Huot et ahddhat a difference in temperature of
almost 108F can cause a difference in density by 1 pcf (P@yker and Hossain found
that using latex as a modifier in surface mixesisicantly increases variability of mat
density (3). They also found that milling and soéatreatment of surfaces of old

pavements significantly decreases density varigbih overlay mats; milling has a
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greater effect by increasing uniformity of overlayat compaction (3). Even Padlo et al.
recommended milling of pavements because it deedetiee variability of nuclear gauge
density readings (26). Troxler Jr. and Dep fourat #ir gap has a significant effect on
the gauge reading. When gauge is placed right endint and there is 1mm elevation
difference between adjacent lanes, the densitpdeiuestimated by about 2pcf (18). The
operator of the nuclear gauge is also responstnecdusing significant variations in
density reading (1, 13). When Choubane et al. zie@ the manufacturer representative-
operated nuclear gauge readings (obtained fromldraxodel 3440 and 3401) with
corresponding core results (obtained using the ASTB8 Paraffin & Parafilm method),
they found that correlation was very good (Ras greater than 0.89). They also found
that among various gauge operators (State DOT, r@dot, and Manufacturer
Representative), the manufacturer’s results indetaest correlations. Thus, one requires
licensing to be able to operate a nuclear gauge (gjtified Technical Training is
required for a technician to implement the Qualltgntrol/Quality Assurance process
(30).

2.3.2.2 Factors that do not influence nuclear gauggensity measurements

Literature studies indicate that factors such agygalirection, rubber pads, sand,
coal tar, standard count, and date of calibratiomat have any significant influence on
nuclear gauge readings and/or do not cause signtficariability in gauge readings. The
position of the gauge (transverse or longitudinaihile taking measurements, is an
insignificant factor which does not affect gaugadiags. The mean difference between
density obtained in transverse and longitudina¢éation was 0.05% of MTD. Thus, it
was concluded that this factor does not influeneasdy reading (26). Burati and
Elzoghbi found that orienting the gauge in a pedi@rar direction to the joint (rather
than parallel) gave density values that were cléserore densities obtained from the
joints; however, they also concluded that it was yet appropriate to replace gauges
with cores for Quality Assurance purpose (35). Riacubber pads or material of known
density between gauge and irregular surface doesmmove results from a nuclear

gauge; it is an insignificant factor that does akbéct gauge reading (26). Sanding of the
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pavement and sealing of coal tar did not seem tseavariability in gauge density
measurements (14). Even the standard count andtieédibration did not appear to be a
cause for varied density readings (14).

2.3.2.3 Number and duration of nuclear gauge measements

Esch suggested a formula (Number of readings = 2{S#@ndard
Deviation/Rangey) to calculate the number of readings required ¢hieve a 95%
confidence level (21). Stroup-Gardiner and Newcahberved in a paired t-test (with a
99% confidence) that there was no significant défiree between the 15 second, 1 minute
and 4 minute readings (14). Even Parikh found that count duration did not have
significant effect on nuclear density values. Heoramended that to be assured of
accuracy within_tpcf of true density, four readings (using specaibration mode) are
required per sub lot (200 tons) (33). He found tladoratory analysis indicated no
significant difference in average of four readimgisen at one, two, or four minute counts
(33). Schmitt et al. indicated that a total of @adt 2 replicate density readings (one-
minute readings) are required per site (or tedegtion) to eliminate erroneous results
and to control variability (31). Relative densitig®., percentage of theoretical maximum
density) determined from measurements on adjacges®btained at each test site (i.e.,
where the nuclear gauge measurements were madegl ¥Yeom 0.0% to 0.5%, whereas
the relative densities obtained from nuclear gangasurements varied from about 0.8%
to 1.2% based on 1-minute counts. It should beddttat the researchers determined
that a 15-second count resulted in a variatiorelative density of about 2% to 3% and
that a 4-minute count resulted in a variation iatree density of about 0.8 to 1.0% (very
similar to the 1-minute count) (2). Sebesta etratommended taking 2 one-minute
readings (in backscatter mode), with the nucleaggaotated 180after the first reading.
The average of the 2 readings must be recordetleanuclear density measurement at
that location (10). Padlo et al. also found that-amnute readings provide more accurate
results than thirty-second readings. They foundl tlsang one-minute readings (instead of
thirty-second readings) improved accuracy of gavegults by 0.45% of maximum

theoretical density (26). They recommended takinggné-minute readings at each
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location to measure pavement density using a nugaage (26). Troxler Jr. and Dep
also found that counting time (or reading duratisignificantly affected gauge results;
and they suggested that for best precision, 2 onetmreadings are recommended per
location or spot (18). Schmitt et al. recommendeddasing the nuclear gauge density
tests from 7 to 15 (per 750-ton lot) to increase dbnfidence in the estimated pavement
density (37).

2.3.2.4 Comparison of methods of operating differdnnuclear gauges in various

modes

Nuclear gauges can be operated in different modesidasure the density of
asphalt pavements. Some of the modes are standekddatter mode, backscatter with
air gap mode, and thin lift mode. The mode of openaof the gauge can significantly
influence the density reading. Esch found thagap testing with one surface and one air
gap count generally produced standard deviatiopfgroximately 20% higher than
normal backscatter testing using the average eketlone minute counts. Therefore they
recommended that the air-gap method should noseeé (21). Later, Gedney et al. found
that the nuclear gauge was more sensitive to clamienposition and surface roughness
in the backscatter mode, and hence the betterrofitihe backscatter with air gap mode.
They also found that the backscatter mode was teféeean measuring density of
pavements up to a minimum thickness of 1.8 incli&g. (Campbell Pacific Nuclear
(CPN) recommends using deeper backscatter fordayezater than 2 inches thick and
shallower AC position for layers 1.4 inches thidb). Parikh found that the mode of
operation of the gauge influences the density repdind it can possibly cause variability
in results (33). When comparing normal, specialbcation and surface void modes the
analysis indicates that mean nuclear densities sy#tial calibration mode was same as
mean core densities. For the special calibratiomena 95 % confidence interval for
difference showed that difference between corerardear gauges was less than 2pcf.
Thus special calibration mode seems favorable &st loorrelation (33). He suggested
that the normal mode of operation can be used tasore density in normal aggregates

like limestone and granite. The surface void motleperation can be used for coarse
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mixes having less than 40% fines passing the nur@lseves. The special calibration
mode is used when the gauge readings are sigrtlffadifferent from core results due to
asphalt mix composition and mix aggregate type.clpecalibration mode is most
suitable for thin layer density. Special calibratimode is recommended when operating
the nuclear gauge because it showed least differeetwveen gauge and core densities (1
to 2pcf) (33). Padlo et al. also found that the enotloperation of the gauge (Backscatter
or Thin Lift) significantly affects nuclear gaugeading. They observed that both the
modes showed significant differences in densityultes obtained (probability of
difference in results between 2 modes being grehter 0.1% of MTD was 0.97 i.e., a
very high probability). The thin lift results wemn an average 0.33% of MTD higher
than that of backscatter mode. This occurred itespf receiving equal measure of
radiation, so the difference might be due to thfeince in algorithm (26). Even though
statistically significant difference between theuks obtained from thin lift mode and
backscatter mode was observed, there still wasiwtigh evidence to suggest that one of
the methods is the better of the two (26).

2.3.2.5 Recommendations to improve nuclear gauge litmation and differences

procedures

Huot et al. found, while comparing gauge and cewdings, that a tolerance of
+2% could result in a 95% confidence interval onadibcation curve. Also, accuracy
could be improved if more than one calibration waleen (19). Esch suggested that at
least 7 to 10 correlation sets are required to timel average correction factor (21).
Gedney et al. found that using a control strip essuhat density measurements are
precise (15). They suggested taking the averad® gauge density measurements on the
control strip to get the control strip density; wihigeld measurements are made on the
pavement (with the same mix), the average of 5 gaegdings must exceed 98% of
control strip density (15). They also suggested, ihaecessary, the control strip density
itself could be a percentage of laboratory den@®tgrshall or Theoretical) (15). Sanders
et al. found that calibration procedure and measarg procedure are factors that

significantly affect nuclear gauge density read{dy} Parker and Hossain found that



27

nuclear gauges need to be calibrated every timespmcific conditions like mix
composition, layer thickness, and underlying caadg or else the readings obtained will
not be accurate and will vary widely (3). Accurafynuclear gauge can be occasionally
determined by initially making a simultaneous congmn and differences with core
density measurements. Then they might be useddalit® Assurance purpose instead of
cores (6). Padlo et al recommended selecting aregitm on a paving project so that 4
one-minute readings can be taken every day to wiothié gauge and ensure its accuracy
(26). Troxler Jr. and Dep found that the problerthviactory calibration is that the gauge
is calibrated based on the average asphalt mixortter to make the actual field
calibration on a job site more accurate, the gaugst be calibrated for that particular
mix by correlating the readings to core densitydiegs. They suggested that these
readings must be obtained from random locationshen middle of the pavement to

estimate a constant bias between the two meth@&s (1

2.3.3 Studies on electromagnetic gauges

Literature studies indicate that a lot of reseahas been conducted on the
following electromagnetic gauges: the Pavement iQuatdicator (Pavement Quality
Indicator Model 300 and Pavement Quality Indica#twdel 301) and the PaveTracker
(PaveTracker 1B, PaveTracker Model 2701, and Paok& Model 2701-B). These
gauges might possibly be the most efficient electignetic gauges available. A lot of
literature studies exist to identify the variouogrand cons of these electromagnetic
gauges. This includes an identification of facttrat affect (and factors that do not
affect) specific electromagnetic gauge models|sit ancludes other related conclusions

and recommendations.
General advantages of PQI

Rogge and Jackson preferred to use a electromagyerige (Pavement Quality
Indicator) for field use. This was because it wehless than 4.5kg and used a
capacitance (complex impedance technique). Thecdauakes use of a technology that
employs constant current, low frequency, and cormpigpedance. The device can be
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used to create an electrical sensing field thaestablished in the material by a flat
sensing plate, and measurements are thus takes. approach allows the depth of
measurement to be controlled precisely (16). Kviasgtaal. found that the Pavement
Quality Indicator can be set to measure densityoug controlled minimum depth of 2

inches without the influence of underlying layes$,(40). However, if the measuring

depth of the gauge is more than the pavement tegkrthen the density value obtained
is the combined density of the composite material, (combined density of the pavement

and its underlying material) (5).

2.3.3.1 Factors that influence electromagnetic gaegneasurements

From the literature studies, a lot of informatiomswvobtained on factors that
influence the electromagnetic gauge measuremehesdétails on individual factors and

the degree or extent to which they influence thasneements are provided below.
Influence of temperature on electromagnetic gaugesadings

Earlier models of the Pavement Quality Indicatanfely the Pavement Quality
Indicator 100 and the Pavement Quality Indicatord®1o300) and the PaveTracker are
affected by the surface mix temperature (34, 1d, ®n Gauge reading decreased with a
decrease in surface mix temperature (17, 5). Liaal.efound that, on an average, the
gauge reading decreased by 16kb#ith a temperature drop of 4D (5). Likewise, they
was also found that the gauge reading (measured asPaveTracker) increased with the
increase in surface temperature; and this is ma#®pnd for coarse mixes (19mm) than
for fine mixes (9.5mm) (5). However, it was fournét the latest electromagnetic gauges
(Pavement Quality Indicator Model 301 and PaveTeaddodel 2701-B) are hardly
affected by pavement or mat surface temperature2d®7 Williams and Hall verified this
by measuring the density using these two electromtag gauges at two temperatures
(high temperature of 188 i.e., just behind the finish roller; and low teengture was
after mat had cooled considerably i.e., approxityat®0°F). They found through their
analysis (t-tests) that the electromagnetic devioesasurements were unaffected by

temperature (i.e., t-tests’ results indicated mmigicant difference, p-value>0.05). Thus,
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it can be assumed that manufacturer's have codettiese gauges to account for

temperature variability while providing density deags (24).
Influence of moisture on electromagnetic gauge reaugs

Surface moisture and internal moisture also sigaifily affect gauge readings
obtained from earlier gauge models (namely the Pawe Quality Indicator Model 300
and the PaveTracker) (34, 17, and 5). Increaskdrstirface moisture (without internal
moisture) causes the gauge reading to display arlowdecreased value, while increase
in internal moisture (with or without surface maist) causes the gauge reading to
display a higher or increased value (17, 5). Wrengared to cores, it was observed that
gauge (PaveTracker) and core readings increasearlyn with increase in surface
moisture (5). However, when subjected to surfackiaternal moisture (for 24 hours), it
was noticed that the gauge and core measurements ne@ linear, and the gauge
readings decrease as the core readings increagevéignak et al. also found that gauge
density measurement results of wet pavements were wariable than those of dry
pavements (36, 40). Surface and internal moistls® affect the newer electromagnetic
gauge models (namely the Pavement Quality Indidsitodel 301 and the PaveTracker
Model 2701-B) (24, 27). This was indicated by Wdiths and Hall in their studies. They
measured density on two conditions: a ‘dry’ cormfitiwhere there was no visible sign of
water; and a ‘wet’ condition, (resembling a SSDdiban) where water was sprayed on
the surface to fill the voids and then a towel wasd to blot the surface. It was found
that moisture caused a significant change in dgnisiaffected the 37.5 mm mix (which
has larger voids) more than the 12.5 mm mix. Thet*wondition caused an increased
density reading (by 1pcf). Thus it was recommenithed all visible signs of water must
be removed from the surface. The PaveTracker Pli¥odel 2701-B was a little more
sensitive than the Pavement Quality Indicator Mo8@l (24). Smith and Diefender
found that the Pavement Quality Indicator Model 80ild provide valid results when
the moisture index was below 10; however, if theistuwe index was above 10, the
readings were significantly affected. A higher naie index indicated higher density

reading and more deviation from core reading (27).
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The Pavement Quality Indicator Model 300 seemed bto affected by
environmental conditions; it also seemed to bectdfit by the density gradient created by
the influence of rolling wheel compactor (32).

Influence of type of mix and aggregate size on eleomagnetic gauge readings

Electromagnetic gauges are affected by the typmiwf(i.e., coarse or fine) (17,
9, 37, 36, and 24). Sargand et al. found that @neePracker displayed more accurate
results for measurements that were made on finesrthan on coarse mixes (17). Larsen
and Henault observed that in spite of changingaiigerithm of the Pavement Quality
Indicator and the PaveTracker (to provide improresiilts), the measured density values
were affected by the mix design (i.e., aggregate sand proportion, and particle
segregation) (9). Even Schmitt et al. found that®bmagnetic gauges are affected by
mixture- and project-specific factors like: aggregaource, design loads, laboratory air
voids, asphalt content, aggregate specific graaitgl pavement layer thickness (37). The
newer gauge models like the PaveTracker Model 2¥8fe also affected by various
factors like: contractor, traffic level, aggreg@yee, NMAS, roller passes, and moisture
condition (i.e., wet and dry conditions). Paveménality Indicator Model 301 was
affected in the single mode by factors like: statiooller passes, temperature, and
distance across pavement width. In multi mode (otetbf data collection) it was
affected by factors like: site, station, pavemeidtly contractor, aggregate type, binder
content, roller pass, and distance across pavemaiih (36). Wiliams and Hall
indicated that the gauges were significantly adfddby large aggregate size and void size
(37.5mm mix). They measured density at the same (fpoall locations) using both the
gauges (the PaveTracker PlisModel 2701-B and the Pavement Quality Indicator
Model 301). It was found that the gauge type ditstmw significant differences in the
12.5mm mix, which has smaller voids. However, bwhd significant differences in the
37.5mm mix, which has larger voids (this was inthdain the ANOVA table with p-
value <0.0001) (24). Liao et al. found that gaugeasurements on fine mixes (9.5mm)
have better correlation with cores than differenoésoarse mixes (19mm). This is

indicated by the coefficient of determinatiorffor density results from fine mix (0.94),
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which is larger than that of coarse mix (0.81).sTimight be due to the smooth texture of

fine mix leading to better surface contact betwgainge and pavement (5).
Influence of air voids and sand on electromagnetigauge readings

Air voids seem to significantly affect the electragmetic gauge reading (18, 37,
40, 36, and 24). Troxler Jr. and Dep found thatwadactory calibrated gauge is placed
right on the joint — with a 1mm elevation differengetween adjacent lanes, the density is
under estimated by 0.2pcf at 95pcf, 2pcf at 123mef 6pcf at 160pcf (18). Williams and
Hall found that sprinkling of sand (to fill voidsid level the pavement surface) causes a
decrease in density, which is more significant ilxea with smaller voids; and the
PaveTracker PIJ¥ Model 2701-B is more sensitive to it. They meadutensity under
two site conditions: the first condition was to $imwff all the sand from the surface and
then measure the density leaving it susceptibl@rteoids, the second condition was to
sprinkle sand on the surface in order to leveuthsthat it fills only the voids and the
remaining sand it dusted off. Generally, more vailgsreases density. However, the
results indicated that it is better not to try éwél the surface by filling the voids with
sand since it tended to prevent solid contact betwgauges and surface. Sprinkling of
sand (to level the surface) caused a decreasensitg¢by approximately 3pcf) in 9 of 10
locations. Also, sand affected the mixes with seralloids more significantly and the
PaveTracker was more sensitive to it (24).

Influence of area of surface on which electromagniet measurements are taken

Area of laboratory prepared specimen also sigmifigaaffects gauge reading
(17). Sargand et al. indicated that when a matidd &2 inches was reduced to side 6
inches, the average gauge density decreased bgf23imilarly, when mat of size 12
inches was increased to 22.5 inches, density rgadaneased by 0.4pcf (17). Liao et al.
found that the surface area of a specimen canfisignily affect the gauge density
readings if the surface area of the specimen beiegsured is less than two times the
area of the contact plate of the PaveTracker galigis.change in gauge readings when

surface area changes was observed when samplevaizehanged from side 30cm to
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side 15cm, causing average decrease in densitg b§iu38kg/m, and so sample of side
15cm is not recommended. Similarly, when sample gias increased from side 30cm to

side 57.2cm, the average increase in density waise6.4kg/m(5).
Influence of gauge position on gauge readings

The direction of the gauge (i.e., parallel or peeular) also shows considerable
variance in gauge results. Williams and Hall fouhdt the measurements taken parallel
to the direction of paving (parallel orientationans that a technician facing the direction
of paving could read the gauge display screen tiijewere approximately 2.4pcf higher
than when placed perpendicular to the paving doec{24). They also found that
rotating the gauge increased the contact and caisewes in reading; also, “picking up
and placing the gauge” caused further compactioiciwled to increased density by
approximately 3 pcf (24). Thus, they did not recoemoeh rotation or lifting of the gauge
in between readings (24).

2.3.3.2 Factors that do not influence gauge readisg

It was confirmed that battery voltage and mineitdrfdo not influence (or affect
the accuracy and variability) the electromagnetoge reading. Battery voltage has no
effect on the gauge (PaveTracker) reading (here@dlnge can be used at the safe, low
battery voltage of 8.2V before it can be rechargd@). Also, the use of mineral filler
does not affect accuracy or variability of densagding with Pavement Quality Indicator
Model 300 (32).

2.3.3.3 Number of electromagnetic gauge readings atgiven location

Number of readings significantly influences densiglues. Sebesta, S. et al.
recommended taking 5 three-second readings (wéhPdvement Quality Indicator) by
beginning in the center and then moving clockwisauad the center, and moving the
instrument at least 50 mm (2 inches) between rgadifihe average of the 5 readings is
to be recorded as the Pavement Quality Indicatasitle measurement at that location

(10). Troxler Jr. and Dep recommended that, foit jpescision, one must take 4 to 8
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readings (on places slightly shifted about the mesmsent locations by about 2 in.) when
they use the PaveTracker Model 2701 gauge. Inwhig it can provide 0.5 to 1.2pcf
precision at 1-sigma level (18). Williams and Halbk one, four, and eight readings at
the same location to assess the repeatability andbility of readings. It was found that
it was best to average four reading to get theingaak a particular location. One reading
generally showed an overestimated density, andt eggdings didn’t show significant

difference when compared with four readings (24).

2.3.3.4 Methods to calibrate electromagnetic gaugds get more accurate density

results

The electromagnetic gauge can be made to produce atwurate readings by
correcting it for errors. Schmitt et al. recommethdieat electromagnetic gauges must be
calibrated daily at each project site (to offset éffect of various factors) (37). They also
found that nuclear gauge readings were the mostopppte means to calibrate an
electromagnetic gauge (37). They also recommendedt ttechnicians using
electromagnetic gauges take at least 30 readintisnweach lot to ensure acceptable
confidence levels (37). Rao suggested that an aptedjustment function must be
calculated by correcting the raw electromagnetadiggs to match core readings. This
should include an additive shift and a slope fa¢gfy). They suggested that the gauge
readings can be corrected (using ghepe factor) by multiplying a constant correction
factor (or slope term) to the raw gauge reading@y. (&lso, the gauge readings can be
corrected using the slope and intercept methodreiumehe electromagnetic readings are
adjusted by multiplying a slope term (C3) and addam intercept term (C4) (20). They
recommended that a calibration factor must be oeted using the sloptinction and
based on 10 calibration points; and this must bplamented for agency use. Daily
calibration for each mix design is recommended wihenproject involves multiple days
of paving. The use of 10 test points and a colimglaising theslopemethod is optimal to
develop accurate calibration factors. Finally, gtady recommends that independent
calibrations be established for each day of pa2@). Also, Smith and Diefender
suggest that for each project, if the gauge idcaed on a test strip before actual field
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testing and measurement is performed, then it eanded for quality control (Quality

Control) and quality assurance (Quality Assurari2e).

However, certain studies exist to suggest thatbcaion of gauges doesn’t
improve differences between results obtained framggs and cores (29, 32, 7, 36, and
40). Prowell and Dudley found that the PavementliQuéndicator Model 300 was
insensitive to pavement changes and also displayped differences to AASHTO and
CoreLok densities (29). Hausman and Buttlar inéidathat poor differences between
Pavement Quality Indicator Model 300 and AASHTO & Ieethod is due to influence of
density gradient created by rolling wheel compa¢8@). Later, Hurley et al. found that
calibrating gauges (Pavement Quality Indicator Md#&l, 300, and PaveTracker) for
offset and slope didn’t improve differences betwdensities obtained from gauges and
cores (7). Also, statistical evaluations by Kvasmdkal. indicate that the majority of
density readings obtained via electromagnetic gaage cores differed (36). They found
that in most cases, when readings obtained fromePRacker, Pavement Quality
Indicator and cores were compared, it was obsaivatdPaveTracker showed the lowest
readings, core reading was in between that of Paek®r and Pavement Quality
Indicator, and Pavement Quality Indicator showeghbst readings (36). Variability of
the Pavement Quality Indicator readings tendedetonbre than that of PaveTracker and
core readings. When quality indices were compacedHe unadjusted data, Pavement
Quality Indicator and core results differed on jisbut of 14 sites but after correction
they differed on 7 sites. When quality indices weoenpared for the unadjusted data,
PaveTracker and core results differed on 11 oulbfsites but after correction they
differed on just 1 site. Pavement Quality Indicagbowed most variability, followed by
PaveTracker. Cores showed least variability. Wherew algorithm was developed for
the Pavement Quality Indicator and results obtaifredh this new algorithm were
compared with the results obtained from the olddigm, it was observed that the new

algorithm yielded better results (36).
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2.3.3.5 Comparison of electromagnetic gauges andcmmmendations for QC/QA

purpose

Earlier studies by Romero indicate that the Paven@arality Indicator Model
300, the Pavement Quality Indicator Model 300+. (imodified algorithm which gives
improved results), and the PaveTracker cannot kd & Quality Assurance purpose,
but they can be used for Quality Control purpos®.(3llen et al. and Andrewski also
found that the Pavement Quality Indicator Model 88@ be used for quality control (8,
34). Hurley, G.C. et al. found that the Pavemenal®uindicator Model 301 gives more
accurate results than the Pavement Quality Indiddtmlel 300 and the PaveTracker (7).
Smith and Diefender found that the Pavement Quélitycator Model 301 can be used
for Quality Control and Quality Assurance; providéds calibrated daily on a test strip

for each project before actual testing and measemérs performed (27).

Romero recommended that the electromagnetic ga@yBesement Quality
Indicator Model 300 and PaveTracker) should be atpdrby experienced professionals,
and that a reference standard should be develapedd Pavement Quality Indicator just
like the PaveTracker (39). Kvasnak et al. suggested to ensure the appropriate
implementation of electromagnetic gauges, thera iseed for additional work that
considers the following elements: 1. Utilization oést strips 2. Increase the
electromagnetic gauge testing frequency 3. Evaluatv electromagnetic gauges that
have entered the construction industry (e.g., PemQuality Indicator models 302 and
303) (36).

2.3.4 Studies comparing cores, nuclear gauges, aal@ctromagnetic gauges

This section provides findings that compare nuckead electromagnetic gauges
across various parameters. This includes informatio variability of gauge density
readings, accuracy of density results obtainedgusirclear gauges vs. electromagnetic
gauges, comparison of different gauges by manufactind model, methods for accurate
calibration of gauges, comparison of density resatid their proximity to results from

corresponding cores, and various factors that effeege density readings.
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Irrespective of the method i.e., gauge or coredoam sampling is required for an
unbiased estimate of density or a true representaif in-place density (31, 7). The
random selection of test site is dependent on ranstation and offset (31).

2.3.4.1 Advantages of electromagnetic gauges overatear gauges (cost and use)

Electromagnetic gauges have a few advantages aaear gauges in terms of
cost and time. Hurley et al. observed that obtgindensity measurements using
electromagnetic gauges are cheaper compared tog usuclear gauges; also,
electromagnetic gauges measure density fasternthelear gauges (7). Electromagnetic
gauges provide density readings in a few seconlie wuclear gauges generally display
acceptable density readings in a minute, or in scases, more than a minute (27). Also,
electromagnetic gauges are easier to use and vepgloximately half as much as
nuclear gauges (27). Electromagnetic gauges dorewiire licensing unlike nuclear

gauges (27).

2.3.4.2 Advantages of nuclear gauges over electrogmetic gauges (accuracy)

Nuclear Gauges, however, are found to be more atihan electromagnetic
gauges. A majority of the literature indicates ttlansities obtained from nuclear gauges
correlate better with cores than densities fronctedenagnetic gauges. Rogge and
Jackson found that the density values obtained feomuclear gauge correlated better
with those of cores than corresponding densityediffices of electromagnetic gauge
(Pavement Quality Indicator) and cores (16). Etaotrgnetic gauges were never able to
match the standards set by the nuclear gauge Vilegnatere tested for correlations with
cores (22). When nuclear and electromagnetic gaugge compared to check which
gauge provides density values that correlate betitr those of cores, it was observed
that densities obtained from nuclear gauges caeetlaetter with core densities (32, 29).
In spite of changing the algorithm of the Pavem@uiality Indicator Model 300 to
provide improved density readings, it was found tha nuclear gauge readings always
correlated better with cores densities than theesponding density differences of the

Pavement Quality Indicator (and the PaveTracketh wires’ densities. Neither the
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improved Pavement Quality Indicator Model 300 noe PaveTracker provided better
results than the nuclear gauges when being compatkedccores for differences purpose
(39). It was suggested that the gauge accuracygande and core density readings
differences might improve if a slope function wadilrated to match gauge and core
data (10). However, Hurley et al. found that evi&taraapplying correction for offset and
slope, the electromagnetic gauges (Pavement Qualiigator Model 301, Pavement
Quality Indicator Model 300, and PaveTracker) docuwrelate with cores as closely as a
nuclear gauge can correlate with cores (7). NeitieiPavement Quality Indicator Model
300 nor the PaveTracker Model 1-B correlated wethwores or with nuclear gauge
readings. Thus, they were recommended for Qu@ldwptrol purpose but not Quality
Assurance purpose (17). Liao et al. observed tretifference in density measurements
between PaveTracker and cores is greater and mgndicant than corresponding
difference between nuclear and core density meamnts; thus, they indicated that
nuclear gauges perform better than electromagmetiges. When they compared the
differences of density values obtained from a rarclgauge and a PaveTracker with
values obtained from cores, they found that nudl@aige correlates better with cores. A
contractor would receive a pay factor of 1.02 basedore results, 1.00 based on nuclear
gauge results, and 0.99 based on PaveTracker gasigés (5).

2.3.4.3 Comparison of factors influencing measuremés from various nuclear

gauges, electromagnetic gauges, and core tests

The various factors and their influence on the meaments obtained using the

various gauges and cores can be described as $ollow
Influence of mix temperature and moisture on gauges

Factors like mix temperature and moisture seenat@ fa direct affect on nuclear
and electromagnetic gauge readings. Sebesta, Sal.efound that nuclear and
electromagnetic gauges (Pavement Quality Indic&aveTracker, and Troxler 3450 in
thin lift mode) are influenced by the mix temperatand by moisture. They found that

gauge reading dropped with a decrease in mix testyoer (10). They also found that the
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presence of moisture increases gauge readingstisacthe Pavement Quality Indicator

is most affected by moisture and the nuclear gautgast affected (10).

Influence of air gap on nuclear and electromagnetigauge reading

Another factor that affects both nuclear and etentignetic gauge readings is the
air gap between the base of the gauge and theceunfathe pavement. Air gap leads to
significant variability or under representation muclear and electromagnetic gauge
density readings. Thus, to avoid this error, gaugest be used only on a flat location

and only when two lanes near joint are of sameagien (18).

Influence of nominal maximum aggregate size (NMAS&and binder type on density

values

NMAS and binder type do not seem to affect gaugelinrgs and core values.
Smith and Diefender found that no differences exigb justify that NMAS and binder
type had a significant effect in causing variatiorensity reading obtained from nuclear
gauge, electromagnetic gauge, and cores (27).

Comparison of mean densities between nuclear andeglromagnetic gauges

Rogge and Jackson found that five of six projeets imean core densities greater
than mean nuclear gauge and Pavement Quality bodicaadings. They found that the
Pavement Quality Indicator and nuclear gauge regdimere generally within 3 % of
each other. The mean field density measurements gemerally within about 10% of
mean core densities (16). Rao et al. found thatnthdear gauge measurements were
higher than the electromagnetic gauge measuremdiitsy also found that the
PaveTracker readings were mostly greater than theerRent Quality Indicator
measurements (20). Even Schmitt et al. found thettremagnetic gauge density
readings were consistently lower than nuclear gaigyesity readings. The Pavement
Quality Indicator Model 301 read 11.2 to 27.2 paivér than the nuclear gauge; the
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Pavement Quality Indicator Model 300 ranged fron2 40 26.6 pcf lower; the
PaveTracker varied from 1.8 to 17.7 pcf lower (37).

Comparison of variability amongst gauges’ readings

Sebesta et al. found that the laboratory studiesamples indicated that the
repeatability standard deviation was below 0.5 fpecfthe electromagnetic gauge and
below 1 pcf for the nuclear gauge (10). The meamdsrd deviation values of the
electromagnetic gauge data were lesser than tloosthd nuclear gauge measurements
(20). When comparing the Pavement Quality Indicatat the nuclear gauge with cores
in terms of a percentage difference (standard tlewiaaverage difference, and absolute
value), Smith and Diefender found that the nuctgarge displayed lesser variability than
the Pavement Quality Indicator on 7 of 8 projedisey also found that the histogram
from the residuals of the regression analysis skoaveormal distribution for the nuclear
gauge (indicating that a linear regression is adgmodel) whereas the residual plot for
the Pavement Quality Indicator indicated that iginistill be influenced by other factors
(27).

Selection of gauge based on lift thickness

According to Troxler Jr. and Dep, selection of aigm is dependent on the top
layer thickness. For a thickness equal to or lkas tl in., thin layer nuclear gauge or
electromagnetic gauge is recommended. For 1 to. Zhiok layer, thin-layer nuclear
gauge is recommended. For 2 to 3 in. thick layey,rauclear gauge in back scatter mode

is recommended (18).

2.3.4.4 Comparison of core density and nuclear gaagdensity to improve core

correlation

When comparing the density results (obtained frone€ and nuclear gauges) for
variability or differences, it was found that thendity results obtained from cores show
lesser variability than densities obtained from leac gauges (1, 2). Sanders et al.

indicated that density values obtained from nuclgarges are not as accurate as those
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obtained from cores (1). When they averaged 352dsarements, they found that a
majority of the density values measured from cavese higher (by an average value of
14.42 kg/m) than those measured from nuclear gauges (i.69.55% of the cases) (1).
This can be due to the possible influence of tipe tyf mix on the nuclear density gauge
(2). Schmitt et al. found that the variability odrtsities determined from cores was less
than the variability of densities determined frooclear gauge measurements in 9 of 14
hot mix asphalt overlay projects (i.e., in 64% a$es) (2). Schmitt et all, in a study of 14
hot mix asphalt overlay projects in Wisconsin comgadensities determined from cores
to those determined by nuclear gauge measuremienisgd that nearly 74% of the
variation between the two measurements was exjpldryesimple regression of core
density measurement versus nuclear gauge densi@gurament. By including core
thickness as a step function (thick or thin) ancluding theoretical maximum specific
gravity as a continuous function, they were ablantiprove the regression model to

explain nearly 75% of the variability (2).

Esch found that an accuracy level of £1% could dieeved if 7 samples were extracted
for core testing and 9 measurements were made asmglear gauge (21). Prowell and
Dudley used the Troxler 4640-B thin lift nucleamuga to take 2 readings in the parallel
direction and 1 reading in the perpendicular dicgc{to paving) and they found that the
nuclear gauge results correlated better with ceresities obtained from AASHTO T 166
than with corresponding core densities obtaineanfithe CoreLok device (29). For
coarse mixes, core method is much more accuratentngear gauge (33).

Romero and Kuhnow suggested that using more carvekl gesult in slightly
more accurate correlation (22). Correlation valdeO@5 or greater signified good
correlation and 0.60 or lesser signified bad catreh, and the in between values were
used to account for confidence interval. They fothat if the number of cores used for
correlation was increased then the correlation awgd. But still not more than 46% was
in the good correlation range for electromagnedages. When cores were increased
from ‘5 or lesser’ to the range of ‘6 to 12’ coréisen there was 2 to 3% overall increase

in the percentage of cores where there was ‘goaglation’ (22).



41

Comparison between densities from gauges and coredter accounting for the

influence of moisture

Smith and Diefender conducted a paired t-test batwgauge densities and core
densities (for nuclear and electromagnetic gaugesares); the result was a significant
difference between density values of gauges anescétowever, they found that more
sites have an equal gauge versus mean core démsitye Pavement Quality Indicator
than for the nuclear gauge. When a multiple regrassquation was developed to obtain
the average difference between the electromagrggtige density reading and the
moisture index values with the core density measargs, it was found that the
differences improved between the electromagnetiggand the cores. Thé Ringe was
0.36t0 0.72 (i.e., if it is above 0.72 then thisrgood correlation). Three of eight projects
showed a good differences (earlier it was two) anly three of eight projects showed a
bad differences (earlier it was four). Also, whia torrected Pavement Quality Indicator
readings and the nuclear gauge readings were cemhpéth the core readings, it was
found that the corrected Pavement Quality Indicedadings was better than the nuclear
gauge readings for 7 of 8 projects (i.e., it bettmrelated with core readings). Thus after
being corrected for moisture index, the Pavemerali@uindicator was found to be more
suitable than the nuclear gauge (4640-B) for méaguwtensity on dense-graded hot mix
asphalt (27). When the algorithm of the Pavemenali@uindicator Model 300 was
changed, it was referred to as the Pavement Quatiigator+. The correlation between
the density readings obtained using the PavemeritQundicator+ and the cores
indicated a 14% improvement over the cores-PaverQerality Indicator differences
(27). It was also found that when pooled data veesiuo compare the Pavement Quality
Indicator and the nuclear gauge density readindb thiose of corresponding cores, a
poor correlation existed. So, a unique regressias developed for each project and it
was observed that there was a high&w&lue for this than for a pooled site differences.
Thus, it was realized that when projects were iedépntly treated, mix specific

calibration could improve the correlation betweange and core density measurements.
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2.4Summary

To fulfill the first objective described in sectioh2, the efficacy of various
methods of density measurements were investigatddsammarized. This included a
description of the principle behind each methodn#fasurement, factors affecting the
methods of measurement, factors not affecting tethads of measurement, correlation
between the various methods of measurements, @yggstions and recommendations to
improve certain methods of measurements or to ingtioe correlation between methods
so that a more accurate density closer to thedamsity can be obtained in the future.

The entire findings from the literature review sagican be summarized as follows:

The densities obtained from cores were most aceursiwever, the entire coring
method is most time consuming and can weaken tienpant. Cores exhibit a density
gradient with lesser density along the perimeteaniagencies including the Oregon
Department of Transportation use the AASHTO T I66alculate the density. However,
density, when obtained using the saturated sudagenethod (described in AASHTO T
166), tends to be overestimated at high air voidtextt (greater than 8%) or when a
greater part of the surface has interconnectedagds. This is more profound in coarse
mixes. For fine and coarse mixes (with water altsampgreater than 0.4%), the density
results from the Automatic Vacuum Sealing methael rapre accurate than those from
the saturated surface-dry method. At high watepigi®n levels (greater than 0.4%),
low densities, low levels of compaction, and lovexel of gyration, the AASHTO T 166
overestimates the density. This answers the fédearch question indicated in section
3.1 and provides evidence to suggest that the S8ad must not be used at water
absorption levels of 2% and instead, the CoreLokthote should be used as

recommended.

Nuclear gauges are fast and non-destructive. Tloeselate better with cores
when compared to electromagnetic gauges. Nucleagegaare affected by pavement
thickness; a decrease in thickness causes reattingscome more variable. The base

coarse material has a negligible effect and thelmde material has a significant effect
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on the gauge readings. Gauge reading variabilitggser for a thicker binder mix layer
than a thinner binder mix layer. Mix compositionjxnaggregate type and size, and
surface texture or roughness influence gauge rgadRough surface texture causes the
gauge to show an underestimated density. A temperatifierence of 10 causes a
density difference of 1pcf. Literature studies alsticate that using latex as a modifier
increases variability, while milling and surfacedatment decreases variability of gauge
readings and improves core differences. Air gaplead to an underestimated density
reading. Factors like gauge direction, rubber psdsd, coal tar, standard count, and date
of calibration do not cause any significant vaiiapin gauge readings. Factors like type
of gauge (or gauge model), project conditions, krwdtion significantly affect gauge
readings. It is recommended to take one minuteimgadAt least 2 readings are required
per location.

Electromagnetic gauges are lighter in weight, measlensity fastest and are
most cost-effective. Earlier models like the PQI03@ere affected by surface mix
temperature; the gauge reading is directly propoél to the surface mix temperature
(density decreases by 16kg/mith a temperature drop of %D). Later models like the
PQI 301 and the PT 2701-B were unaffected by sarfi@emperature. However, all
electromagnetic gauges were affected by the surtawd internal moisture. More
moisture makes the readings more variable; coarsesrwere more affected by moisture
than fine mixes. There is better correlation betwgauge densities and core densities
when the moisture index is below 10. Even the mpetor mix design has a significant
effect on gauge reading such that there is betierelation between gauge and core
densities for a fine mix than for a coarse mix. ¥aids and sprinkling of sand affect the
gauge and cause it to display an underestimateditgeBattery voltage and mineral
filler do not affect gauge accuracy or variabilitiyis best to calibrate the gauge daily,
and then take four to five readings at each lopafmr a more accurate estimate of
density. Majority of the studies indicate that élemagnetic gauges can be used for
Quality Control and one study also indicates that PQI 301 can be used for Quality

Assurance.
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A comparison between the densities from the testsaves, the nuclear gauges,
and the electromagnetic gauges, indicates thad#msities are significantly different
from each other at 95% confidence level. The cati@h between the nuclear gauge and
core densities is better than the correlation betwihe electromagnetic gauge and core

densities.
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3.0 EXPERIMENT DESIGN

A major part of this research effort was to condimid and laboratory studies.
Prior to conducting the studies, several reseaugstipns were developed to address the
specific needs of ODOT. This chapter presentsdbearch questions, a summary of the

experiment design, and a description of the prejeuntestigated.

3.1 Research questions

Several questions were formulated to establisramdivork for conducting the
field and laboratory studies. These were devel@idte request of ODOT personnel to
address specific issues concerning nuclear gaugesurements on pavements with
multiple lifts, on pavements with different mix dgss, on new construction versus mill
and inlay projects, and whether or not differenbetveen core densities and nuclear
gauge densities are necessary to obtain accuratdtsreusing nuclear gauges. The
guestions are listed below while section 3.2 sunwaarthe experiment designs for the

field and laboratory studies.

1. Is it necessary to determine nuclear gauge caliordactors for each lift of hot
mix asphalt (HMA) placed in multiple lifts with theame mix design for each lift?

2. For projects incorporating different mix designs ifadividual lifts (e.g., use of a
rich binder base), is there a significant diffenbetween nuclear gauge

calibration factors for the different mixtures?

3. On mill & fill (inlay) plus overlay projects, is #re a significant difference
between the nuclear gauge calibration factorsHerfill (inlay) material and the

overlay material?

4. Is there a significant difference between nucleargg calibration factors derived
from cores obtained from the corner of the overlagportion of the nuclear
gauge measurement footprint (Figure 3.1) and cob¢gsined from the center of

the overlapping portion of the footprint (Figur@)®.
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ODOT currently allows use of the saturated suridge{SSD) method for
determining the bulk specific gravity of a core evethe water absorption of the
core is greater than 2%. Is it appropriate to ca#ito allow this?

Is there a significant difference between densitésHMA blocks cut from
pavements using a masonry blade and cores cut gsingentional diamond-

tipped barrels? (not included as a part of thesis)

Can a dedicated location marked on a particulaemant lift be used to spot-
check nuclear gauge readings to determine if te@dion of a particular nuclear

gauge is necessary? (not included as a part asjhes

A nuclear gauge calibrated using calibration blocken one Region Office may
not have the same calibration factors when cakdoratsing the calibration blocks
in a different Region Office. Is the current caditon procedure valid? (not

included as a part of thesis)

3.2 Experiment design

1.

Is it necessary to determine nuclear gauge caliordactors for each lift of hot
mix asphalt (HMA) placed in multiple lifts with theame mix design for each lift?

To gather sufficient information to convincingly aver this question, a
project was investigated where the HMA was placednultiple lifts. This was
done to determine the influence of as-built HMA ttiickness and lift density on
nuclear gauge measurements of overlying lifts. Alb® project was selected
such that the HMA was placed in three lifts to pdevinformation of HMA
density of a successively thicker substrate (density of first lift of HMA over
aggregate base versus density of second lift of HMér first lift of HMA over
aggregate base, and so on). To accomplish this,te30 locations were
predetermined along a stretch of the project tred tnounded by the first day of
paving of the first lift. The test locations wesndomly selected according to the
procedure described in AASHTO T 52-05 and ASTM B%367 (52). Following
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placement of the first lift of HMA, nuclear gaugeeasurements were made and
cores were taken at 10 of the 30 predetermineditotsa Similarly, nuclear gauge
measurements were made and cores were taken #tet@rd locations of the 30
predetermined locations for the second and thitsl &if HMA paving. Details on
the number of cores, number of nuclear and ele@gmetic gauges’ readings,
and various methods of testing are provided intéide 3.1. As indicated in the
table 3.1, 10 cores were extracted from the botifbrafter it was paved. Then, 10
cores were extracted after the middle lift was platkese cores were composite
(i.e., consisting of bottom lift and middle liftSo they were tested in the
composite form and then the cores were cut andratgohinto different lifts and
re-tested. Finally, 10 cores were extracted aftertop lift was paved; these cores
were also composite (i.e., consisting of the bottdtnmiddle lift, and top lift).
So these cores were tested in the composite foforebbeing cut, categorized,
and re-tested as cores from individual lifts. Algas important to mention that
the top lift (or third lift) is the top lift of théase course (which was later overlaid
with a wearing course). This work was carried onttbe Fort Hill — Wallace

Creek Bridge project on OR 18.



Table 3.1 — Experiment design for investigating Hlé&nsity on new pavement construction projectsgalae multiple lifts having

the same mix design

Number of Number of Number of
Nuclear Gaug Electromagneti¢ BSG
Number| Number| Measurement Gauge Measuremeni Number of BSG
of of per Location| Number of | Measurementg via Water | Measurementg
Sample| Nuclear| (for each |Electromagnetiper Location (fol Number| Immersion via Vacuum
Pavement LiffLocations Gauges gauge) Gauges each gauge) | of Core§  Method Sealing Method
First Lift 30 3 4 2 5 30 30 30
(Bottom Lift)
Second Lit| 20 3 4 2 5 20 20 20
(Middle Lift)
Third Lift 10 3 4 2 5 10 10 10
(Top Lift)
First and 10 3 4 2 5 10 10 10
Second Lift
First, Second 10 3 4 2 5 10 10 10
and Third Lift

48
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2. For projects incorporating different mix designs ifadividual lifts (e.g., use of a
rich binder base), is there a significant diffeenbetween nuclear gauge

calibration factors for the different mixtures?

This is similar to the above question, except dludes investigation of
two lifts with different mix designs. To gather Bafent information to
convincingly answer this question, a stretch of@qet was selected wherein 20
test locations were predetermined. The test logsatiwvere randomly selected
according to the procedure described in AASHTO T052ref) and ASTM D
3665-07 (52). Following placement of the first lidf HMA, nuclear gauge
measurements were made and cores will be take@ af the 20 predetermined
locations. In a similar fashion, nuclear gauge mesasents were made and cores
were extracted at 10 different locations of thep2€determined locations for the
second lift of HMA paving, with the second lift hag a different mix design
from the first lift. Details on the number of coresumber of nuclear gauges’

readings, and various methods of testing are peavid the table 3.2.

As seen in the table 3.2, ten cores were extraicted the first or bottom lift
when it was paved. Then, ten cores were extradted the second or top lift is
paved; these cores are composite; that is, camgisti first (bottom) lift and
second (top) lift. So they were tested in the cositpoform and then the cores
were cut and separated into first (bottom) and se¢top) lifts and re-tested. This

work was carried out on the South Medford Intergfeaproject on Interstate 5.



Table 3.2 — Experiment design for investigating Heliénsity on new pavement construction projectsgalae two lifts having

different mix designs

(Top Lift)

Number of
Number of BSG
Number| Number| Nuclear Gaugs MeasurementsNumber of BSG
of of Measurements via Water | Measurements
Pavement| Sample| Nuclear [per Location (fo] Number| Immersion via Vacuum
Lift Locationg Gauges| eachgauge) [of Core§ Method Sealing Method
First Lift 10 3 4 10 10 10
(Bottom Lift)
Second Liftf 10 4 4 10 10 10

50
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3. On mill & fill (inlay) plus overlay projects, is #re a significant difference
between the nuclear gauge calibration factorsHerfill (inlay) material and the

overlay material?

To gather sufficient information to convincinglysaver this question, 20
test locations were predetermined along a stretehroill & fill project that was
bounded by the first day of paving of the inlay.liThe test locations were
randomly selected according to the procedure desatin AASHTO T 52-05 and
ASTM D 3665-07 (52). Following placement of theawllift of HMA, nuclear
gauge measurements were made and cores were takd® af the 20
predetermined locations. Similarly, nuclear gaugsmsurements were made and
cores were taken at 10 different locations of tBepBedetermined locations for
the overlay lift. Details on the number of coregyymtber of nuclear and
electromagnetic gauges’ readings, and various ndstbbtesting are provided in
the table 3.3. In the table 3.3, ten cores wereaetdd from the fill (inlay) lift
after it is paved. Then, ten cores were extractegt ¢he fill (overlay) lift was
paved; these cores were composite (i.e., consisfinglay lift and overlay lift).
So they were tested in the composite form and thencores were cut and
separated into inlay and overlay lifts and re-twsifighis work was carried out on
the North Fork Little Butte Creek — Great Meadovo®rPark project on OR 140.
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Table 3.3 — Experiment design for investigating Helénsity on mill and inlay projects placed in tiis lhaving the same mix design

Number of
Nuclear Number of Number of | Number of
Gauge Electromagnetic BSG BSG
Number| Number|Measuremen] Gauge Measuremen| Measurements
of of per Location| Number of | Measurements pgr via Water | via Vacuum
Sample| Nuclear| (for each [Electromagneti¢ Location (for eachf Number| Immersion Sealing
Pavement LiffLocations Gauges| gauge) Gauges gauge) of Core§ Method Method
First Lift 20 3 4 2 5 20 20 20
(Inlay Lift)
Second Lit| 10 3 4 2 5 10 10 10
(Overlay Lift)
First and 10 3 4 2 5 10 10 10

Second Lift
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4. Is there a significant difference between nucleargg calibration factors derived
from cores obtained from the corner of the overlagportion of the nuclear
gauge measurement footprint (Figure 3.1) and cob¢gsined from the center of
the overlapping portion of the footprint (Figur&)®

10 locations were predetermined along a projectrdnydom selection
according to the procedure described in AASHTO RR5 (ref) and ASTM D
3665-07 (52). Nuclear gauge measurements were nradeccordance with
WAQTC TM 8 at all 10 locations. Five of the locat® were then cored as
indicated in figure 3.1, and the other five locaiccored as indicated in Figure
3.2.

1

o

Figure 3.1 — Core derived from the corner of thertapping portion of the ‘L-shaped’
nuclear gauge measurement footprint.

3

2O 1 4

1

Figure 3.2 — Core derived from the center of therapping portion of the ‘cross-
shaped’ nuclear gauge measurement footprint.

5. ODOT currently allows use of the saturated surfdige{(SSD) method for
determining the bulk specific gravity of a core evethe water absorption of the

core is greater than 2%. Is it appropriate to caito allow this?
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To best answer this research question, additiamaéw of the literature
with emphasis on studies that have investigatesl was performed. Hence, no

additional coring was performed for this part ¢ gtudy.

3.3 Projects evaluated

To fulfill the objectives of the research projethree paving projects were

selected. The following sections briefly describeleof the projects.

3.3.1 Fort Hill - Wallace Bridge section on Salmomiver Highway (OR 18)

The mile point co-ordinates from start point to gmaiht of this project were M.P.
23.82 (Station ‘A, 39+50) to M.P. 26.28 (Statid,” 170+00). The base course for this
new work (new construction) project was construdtethree lifts, all with the same mix
design. The base course was capped with a weasinge, but all work described herein
was conducted on the base course lifts. The projas selected to answer the first and
fourth research questions. A total of six nucleanges and two electromagnetic gauges
were used in this project. The pavement thicknesged nominally from 2 to 3 inches

throughout the project.
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Lit3

(TopLift)

(Sta. 10 (Sta. 113+50)

>
3130) Y000 £.

1000 ft.

Lift 1
(Bottom Lift)

12+50)

3900 ft.

MP.23.82 MP26.28
(Sta. 39+50) (Sta. 170+00)
48+00)

Figure 3.3 — Diagrammatic representation of sangdimits for each lift on project on
OR 18

3.3.2 South Medford Project Interchange on Interstée 5 (I-5)

This was a new pavement construction (new workjeptavherein the first lift of
the base course had a different mix design thameimaining lifts. The field work was
done on the first two lifts of the base coursew#s selected to answer the second
research question. Four nuclear gauges (and ntrafeagnetic gauges) were used on
this project. The pavement thickness was a non2Zimathes throughout the project.
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—
(Sta.25+195m) 1000 fi.

Lift 1

(Bottom Lift)

(Sta. 25+195 m)

<——>
1000 ft.

South Medford Interstate Project anI-5

b ——
(Sta. 25+195m) oot

Figure 3.4 — Diagrammatic representation of sangdimits for each lift on project on I-
5

3.3.3 North Fork Little Butte Creek to Great Meadow Snow Park on Oregon
Highway 140 (OR 140)

The mile point co-ordinates from start point to quuint of this project are M.P.
16.04 (Station ‘A,” 11+50) to M.P. 30.92 (Statid®,” 800+00). This project was a mill
and inlay with overlay having the same mix design lboth lifts. It was selected to
answer research question 3. Three nuclear gaugkesvanelectromagnetic gauges were
used on this project. The pavement thickness wasinaly 2 inches throughout the

project.
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(M.P. 22: Sta. 32 (Sta_ 335+88)

>
3T88) Y000 £

d - —
(MP. 22; $ta. 327450) gogq  (Sta.337+50)
T8850 ft.
MP16.04 N. Fork Little Butte Cr. to Great Meadow Snow Park Project MP30.91
(Sta. 11+50) onOR 140 (Sta. 800+00)

(M.P. 22: Sta. 325+88) (Sta. 337+50)

>
1162 ft.

Figure 3.5 — Diagrammatic representation of sangdimits for each lift on project on
OR 140



4.0 FIELD STUDY

The field study was undertaken to obtain densitgsneements using nuclear and
electromagnetic gauges at predetermined locatiolsgaeach of the projects
investigated. Following the density measurementwess were obtained from the
locations where gauge measurements were made asdguently tested as detailed in
chapter five of this document. The following sen8 provide details and results of the

field study.

4.1 Procedure for Performing Field Studies

On the OR 18 project, three lifts of HMA with thanse mix design were placed
for the base course and data were mostly colleaiimay the same stretch on three days
(on each day a different lift was paved). On eaththe three days of paving, ten
locations were selected randomly in accordance W8AM D 3665-07 (52) along the
fixed stretch of the pavement being constructecea®h of these locations, first sand was
spread out on that spot or location, and then # lggeled with a wooden bar. This was
done to minimize the effect of surface irregulastof the pavement on the gauge density
readings. Then, the nuclear gauges were used &ndbe density values at the location.
Next, the electromagnetic gauge was used to obitaidensity values at the same spot or
location. Finally, a core was drilled out from thatation with a conventional diamond
tipped core barrel. The core location is indicatedigure 4.1. This was repeated for all
the locations on each of the three days of pavihg. same procedure used on the OR 18
project was also used on the OR 140 project whiek & mill and inlay with overlay
project (i.e., two lifts total) and on the I-5 peoj which had two lifts of different mix
designs. To answer the fourth research questien, (ivhether there is a significant
difference between the core average differencesdogs drilled from the corner of the
‘L-shaped’ footprint and cores drilled from centdrcross-shaped footprint as indicated
in the figures 3.1 and 3.2 in the previous chaptém® wearing course on the OR 18
project was selected for field testing. Ten loaagiavere selected randomly in accordance
with ASTM D 3665-07 (52) along the fixed stretchtbé pavement being constructed.

From these, five alternate locations were testedaking measurements and extracting
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cores as indicated from the ‘L-shaped’ footprintfigure 3.1, and the remaining five
alternate locations were tested by taking measurenad extracting cores as indicated
from the ‘cross-shaped’ footprint in figure 3.2.

Loose HMA was also obtained from the pavements idiately following the
paving operation (i.e., immediately before compmagtito measure the theoretical
maximum specific (Rice) gravity for that particulét. The loose HMA was obtained
from each lift by randomly sampling the mat (usangookie cutter) behind the paver at
different times during the paving operation to astgofor potential variability in the
theoretical maximum specific (Rice) gravity. Thiasvdone in accordance with the
method described in AASHTO T 168 (51). Since ttasadvas obtained after testing the
loose HMA in the laboratory in accordance with AABBI T 209 (45), it is summarized

in the next chapter i.e., Laboratory Studies.

4.2 Method of Taking Readings using Nuclear and Etdromagnetic Gauges

ﬁ =
.
________ @@

3

Figure 4.1 — Primary Nuclear Gauge Measuremenin@ii@ns and Core Location
The process by which nuclear and electromagnetidimgs were taken on the
project sites (OR 18 and OR 140) is described agrfellows:

To gather the nuclear gauge measurement data festiqns 1, 2, and 3, the
nuclear gauge readings were made in the sequemwensim figure 4.1. The nuclear
gauge measurements on the various lifts of theriwtasphalt pavements were made in
accordance with the WAQTC TM 8, except that the ggawas rotated about its
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longitudinal centerline as indicated by orientatich and 2 in the figure 4.1, plus an
additional two measurements were made at eachidacas indicated by orientations 3
and 4 in figure 4.1. This sequence allowed deteation of the average density at a given

location to be based on two versus four orientation

The electromagnetic gauges were used to measusitydench that there were
five readings per sample location — one in theearefite., directly over the core location)

and four surrounding it such that they were poséibat 90from each other.

4.3 Test Results

Tables 4.1 to 4.9 contain summary data of nucleargg measurements and,
where appropriate, electromagnetic gauge measutenfiram each paving lift of each
project evaluated during the field study. Eachdgimlovides information regarding the
gauge operator, gauge identification, date ofdalbration, and average density obtained
using the average of 4 readings and 2 readingact lecation. Further details (e.g., type
of mix, date of testing, lift thickness, distanaedaoffset of each test location, etc.) are

provided in Appendix B.

Tables 4.1 to 4.3 summarize the gauge data calletteinvestigate density
measurements on new construction projects wherbéake course of the pavement was
placed in multiple lifts with each lift having tleame mix design. Table 4.1 includes the
data for the first (bottom) lift over the aggregasese, table 4.2 includes the data for the
second (middle) lift, and table 4.3 includes théadar the third (top) lift of the base
course. For each nuclear gauge used, note thiastynof average density based on two
readings versus four readings. Note also the exeegly low coefficient of variation
(less than about 2% in most cases) indicating l@wvariance about the average density
of the 10 sample locations. Also, note that theffament of variance of the nuclear
gauges was higher than that of the electromaggetiges in most of the instances. In
addition, there was at most a 3 Ib#ifference in average density between nuclear gaug
measurements. However, it must be mentioned tigatids only observed on the top lift;
while, the bottom and middle lifts had differendbat were at most 1.6 Ibifand 1.7
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Ib/ft® respectively). Finally, it can be seen from thistad that the average densities

obtained from the electromagnetic gauges were stamdly lower than those obtained

from the nuclear gauges.

Table 4.1 - Summarized data obtained from lift D& 18

Gauge Make, Nuclear Gauges
Model, and
. Troxler 3430 # 38804 Troxler 3430 # 38806 Troxler 3440 # 25714
Serial Number
Last date of N/A 4/28/2008 3/7/2008
calibration
Gauge Ray Dean Chess Paul Sloan
Operator
sample Avg Density, Ib/ft? Avg Density, Ib/ft® Avg Density, Ib/ft?
Location Four X Four i Four X
) Two readings . Two readings . Two readings
readings readings readings
1 155.5 155.6 153.7 153.7 155.0 154.5
2 149.2 148.7 149.8 149.5 147.5 147.5
3 147.4 148.8 150.5 150.2 148.0 148.1
4 151.0 150.9 152.7 152.6 150.9 151.1
5 152.6 152.6 152.7 153.4 150.4 150.7
6 156.6 157.1 156.1 156.0 154.3 154.3
7 158.1 157.9 157.7 158.0 156.7 157.0
8 151.7 151.9 152.7 153.1 150.7 151.2
9 156.4 156.5 156.8 156.8 155.2 154.7
10 154.4 154.5 155.7 155.2 153.9 153.5
Average, Ib/ft3 153.3 153.4 153.8 153.8 152.3 152.2
Standard
Deviation, 3.5 3.4 2.7 2.7 3.2 3.1
Ib/ft>
Coefficient of
Variation, 2.3% 2.2% 1.7% 1.8% 2.1% 2.0%
percent




Table 4.2 — Summarized data obtained from lift D& 18

Gauge Make,
Model, and
Serial Number

Nuclear Gauges

Electromagnetic Gauges

Troxler 3440 # 30860 Troxler 3430 # 38806 Troxler 3440 # 25714 PQl 301 PQI 300
Last date of 2/5/2008 4/28/2008 3/7/2008 N/A N/A
calibration
Gauge Josh Huber Dean Chess Paul Sloan Larry lig Larry llg
Operator
. 3 ) 3 . 3 Average Average
sample Avg Density, Ib/ft Avg Density, Ib/ft Avg Density, |b/ft Avera.lge Moisture Averz?ge Moisture
i Density, Density,
Location 3 Content, 3 Content,
F°f” Two readings F°f” Two readings F°f” Two readings Ib/ft percent Ib/ft percent
readings readings readings
1 152.3 152.4 152.0 152.0 151.1 150.9 149.54 9.82 149.44 7.32
2 151.9 151.3 151.1 151.2 149.8 150.1 150.04 10.2 149.48 7.52
3 149.9 150.5 148.8 148.2 147.1 146.9 147.74 9.44 148.06 7
4 152.1 151.6 150.8 150.8 149.9 150.0 147.02 8.72 146.24 6.32
5 154.4 154.1 153.2 153.1 152.2 152.3 148.48 9.22 147.68 6.62
6 151.9 151.8 151.9 151.6 150.7 150.9 148.6 9.52 148.42 7.1
7 152.1 152.2 152.1 152.3 151.1 151.3 148.44 9.36 147.76 7.12
8 152.2 151.5 150.8 150.1 151.0 151.7 148.46 9.28 148.2 6.88
9 153.0 152.8 152.2 151.8 151.1 151.4 148.02 10.12 149.58 7.44
10 152.7 152.6 152.4 152.8 152.0 152.2 149.5 9.72 148.34 7.14
Average 152.2 152.0 151.5 151.4 150.6 150.7 148.6 9.5 148.3 7.0
Standard 1.107 0.988 1.227 1.418 1.439 1.573 0907 | 0443 1.018 0.367
Deviation
Co\f::'i:"gzac’f 0.73% 0.65% 0.81% 0.94% 0.96% 1.04% 061% | 4.65% 0.69% | 5.20%
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Table 4.3 — Summarized data obtained from lift ®&f 18
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Gauge Make,
Model, and
Serial Number

Nuclear Gauges

Electromagnetic Gauges

Troxler 3440 # 30860 Troxler 3430 # 38806 Troxler 3440 Plus # PQl 301 (sand) PQI 301 (no sand) PQI 300 (sand) PQI 300 (no sand)
Last date of 2/5/2008 4/28/2008 1/24/2008 N/A N/A N/A N/A
calibration
Gauge
Josh Huber Dean Chess Terry Vann Larry lig Larry lig Larry llg Larry lig
Operator
. 3 . 3 . 3 Average Average Average Average
Avg Density, Ib/ft Avg Density, Ib/ft Avg Density, Ib/ft Average . Average . Average . Average .
Sample . Moisture . Moisture . Moisture . Moisture
X Density, Density, Density, Density,
Location Ib/ft3 Content, Ib/ft3 Content, Ib/ft3 Content, Ib/ft3 Content,
Fof" Two readings F°f‘r Two readings Fogr Two readings percent percent percent percent
readings readings readings
1 151.5 151.5 151.6 152.0 155.0 155.0 148.1 8.1 N/A N/A 148.4 6.0 N/A N/A
2 154.3 153.5 154.9 155.3 155.4 155.1 149.9 8.8 N/A N/A 150.5 6.6 N/A N/A
3 152.5 153.3 151.9 152.2 154.7 154.9 147.9 8.2 148.1 8.6 148.1 6.1 147.0 6.2
4 150.6 150.3 149.8 150.1 152.9 153.1 147.4 8.1 147.7 8.3 147.8 5.9 147.2 6.1
5 150.0 149.8 148.6 147.6 152.8 152.5 147.7 8.6 146.2 8.3 147.8 6.3 146.0 6.4
6 151.2 151.6 151.0 151.1 153.1 152.9 149.3 9.2 149.1 9.3 149.7 6.7 147.4 6.7
7 148.9 148.6 147.8 149.3 152.3 152.3 148.2 8.5 148.0 8.9 148.2 6.2 147.3 6.5
8 150.3 150.1 150.2 150.1 152.8 152.7 148.3 8.7 148.4 9.0 148.3 6.4 147.2 6.5
9 145.1 144.9 144.5 145.1 148.4 148.5 145.2 7.8 144.6 7.9 145.7 5.8 143.9 5.8
10 149.4 149.6 148.9 149.3 152.2 152.2 148.3 8.9 147.9 9.1 148.7 6.5 146.9 6.7
Average 150.4 150.3 149.9 150.2 152.9 152.9 148.0 8.5 147.5 8.7 148.3 6.2 146.6 6.4
Standard 2.4 25 2.8 2.8 2.0 1.9 12 0.4 14 05 13 03 12 0.3
Deviation
Coefficient of
°\far'i2';2n° 1.61% 1.65% 1.84% 1.84% 1.29% 1.26% 083% | 5.16% 098% | 563% | 085% 4.68% 081% | 4.96%
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Tables 4.4 and 4.5 summarize the gauge data adletct investigate density
measurements on new construction projects wherédbke course of the pavement was
placed in multiple lifts with each lift having affdirent mix design. Table 4.4 includes the
data for the first (bottom) lift over the aggregagese and table 4.5 includes the data for
the second (top) lift of the base course. For eaatear gauge used, note the similarity
of average density based on two readings versus feadings. Also, note the
exceptionally low coefficient of variation (lessath about 2% in most cases) indicating
very low variance about the average density ofltheample locations. In addition, there
was at most a 1.8 Ibfftdifference in average density between nuclear gaug

measurements.



Table 4.4 — Summarized data obtained from lift 1-BfProject

Gauge Make, Nuclear Gauges
Model, and CPN MC3 P be #
. t
Serial Number|  Troxler 3430 #38996 | Troxler 3430 # 38806 74Zr33pr° ©
Last date of
) ) 2/26/2009 2/12/2009 7/23/2008
calibration
Gauge John Groth Dean Chess Mick King
Operator
Sample Avg Density, Ib/ft® Avg Density, Ib/ft® Avg Density, Ib/ft®
. Four . Four . Four .
Location . Two readings . Two readings . Two readings
readings readings readings
1 146.7 146.3 146.4 145.8 146.1 145.8
2 141.6 141.4 141.7 141.8 142.7 143.2
3 144.8 145.0 144.0 144.5 145.4 145.5
4 143.9 143.9 142.5 142.8 144.9 145.0
5 145.9 146.0 144.9 145.1 145.4 145.4
6 144.7 144.9 143.7 143.3 144.4 144.2
7 146.6 146.5 145.3 144.9 146.9 147.0
8 146.3 146.0 144.8 145.1 146.5 146.7
9 146.3 146.5 145.1 145.5 146.6 147.0
10 144.1 143.7 143.8 143.8 144.9 144.8
Average 145.1 145.0 144.2 144.2 145.4 145.4
Standard
L 1.6 1.6 1.4 1.3 1.3 1.2
Deviation
Coefficient of | 1o, 1.13% 0.97% 0.90% 0.87% 0.85%
Variation




Table 4.5—- Summarized data obtained from lift 2B5Project

Nuclear Gauges

Gauge Make,
Model, and
i CPN MC3 Port be # Humboldt 5001C #
serialNumber| . 1or3430438996 | Troxler 3430 # 38806 ortaprobe umbo
7443 1344
Last date of 2/26/2009 2/12/2009 7/23/2008 4/8/2009
calibration
Gauge John Groth Dean Chess Mick King Rod Savage
Operator
sample Avg Density, Ib/ft® Avg Density, Ib/ft® Avg Density, Ib/ft® Avg Density, Ib/ft®
i F F F F T
Location O%Jr Two readings O%Jr Two readings °f" Two readings O%Jr W,O
readings readings readings readings | readings
1 144.5 144.4 142.6 142.8 144.1 143.8 N/A N/A
2 146.0 146.0 144.3 144.2 145.5 144.1 145.7 145.9
3 145.8 146.1 143.8 143.7 145.1 145.1 144.7 145.5
4 145.0 144.8 143.2 143.6 144.1 143.7 144.7 144.4
5 142.9 142.7 140.8 140.8 143.0 143.2 142.3 141.8
6 144.0 143.6 141.8 142.1 143.7 143.8 144.3 145.0
7 140.8 141.1 139.7 140.0 141.1 140.4 139.7 139.0
8 143.1 143.2 141.1 141.0 143.6 143.4 142.7 142.3
9 142.8 143.2 140.8 140.7 142.4 141.9 142.1 141.9
10 144.2 1441 142.8 143.1 143.3 143.8 144.2 144.2
Average 143.9 143.9 142.1 142.2 143.6 143.3 143.4 143.3
Standard
- 1.6 1.5 15 1.5 1.3 1.3 1.8 2.2
Deviation
Coefficient of
oo 1.09% 1.06% 1.04% 1.05% 0.89% 0.91% 1.28% 1.57%
Variation
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Tables 4.6 and 4.7 summarize the gauge data adletct investigate density
measurements on mill and fill plus overlay projestth both lifts having the same mix
design. Table 4.6 includes the data for the fipstttom or inlay) lift over the aggregate
base and table 4.7 includes the data for the seftopcor overlay) lift of the pavement.
For each nuclear gauge used, once again notertti@rgly of average density based on
two readings versus four readings. Note also theembionally low coefficient of
variation (less than about 2% in most cases) itidigavery low variance about the
average density of the 10 sample locations. Alste that the coefficient of variance of
the nuclear gauges was always higher than thathefeectromagnetic gauges. In
addition, there was at most a 1.9 [bAifference in average density between nuclear
gauge measurements. Finally, it can be seen flosndiata that the average densities
obtained from the electromagnetic gauges were stamly lower than those obtained
from the nuclear gauges.



Table 4.6 — Summarized data obtained from lift D& 140

Nuclear Gauges

Electromagnetic

auges
Gauge Make, gaug
Model, and
Serial
Number
Troxler 3430 # 38996 Troxler 3430 # 38806 Troxler 3430 # 35601 PQI 301 |PQI 300
Last date of 7/31/2008 4/28/2008 8/18/2008 N/A N/A
calibration
Gauge John Groth Dean Chess Dean Chess Larry llg [Larry llg
Operator
sample Avg Density, Ib/ft® Avg Density, Ib/ft® Avg Density, Ib/ft® Average | Average
’? Density, | Density,
Location 3 3
Four Two Four . . . Ib/ft Ib/ft
. . . Two readings|Four readings| Two readings
readings | readings | readings
1 138.9 139.3 141.0 141.1 140.3 140.5 140.5 138.5
2 141.0 141.2 143.7 143.9 142.7 142.7 141.1 138.6
3 137.4 137.6 139.2 139.2 139.0 138.7 140.3 138.2
4 138.1 138.0 140.7 140.0 140.0 139.9 140.3 139.0
5 138.4 138.8 139.9 140.3 139.4 139.4 140.5 136.4
6 137.4 137.2 139.3 138.7 138.8 139.5 140.1 138.9
7 137.8 137.8 139.1 137.8 139.7 139.5 140.1 138.6
8 134.2 134.0 136.8 136.3 136.0 136.2 139.7 137.3
9 136.5 136.3 138.7 138.5 137.9 138.0 140.1 138.2
10 133.4 133.1 134.1 134.5 134.6 134.5 138.8 134.8
Average 137.3 137.3 139.2 139.0 138.8 138.9 140.1 137.9
Star?da?rd 2.2 24 2.5 2.6 2.3 2.3 0.6 1.3
Deviation
Coefficient of
. 1.61% 1.75% 1.82% 1.87% 1.64% 1.64% 0.42% 0.96%
Variation
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Table 4.7 — Summarized data obtained from lift ®&f 140

Nuclear gauges

Electromagnetic

Gauge Make, gauges
Model, and
Serial
Number Troxler 3430 # 38996 | Troxler 3430 # 38806 Troxler 3430 # 35601 PQI301 |PQI 300
Last date of 7/31/2008 4/28/2008 8/18/2008 N/A N/A
calibration
?1?
Gauge Ray Cunningham Dean Chess Dean Chess?!? (2 gauges |Todd Todd
Operator same operator?) Scholz Scholz
Sample Avg Density, Ib/ft® Avg Density, Ib/ft® Avg Density, Ib/ft® Average | Average
P Density, | Density,
Location Four Two Four b/f | b/t
u w u
. ) . Two readings|Four readings| Two readings
readings | readings | readings
1 140.6 140.9 140.9 140.8 141.2 140.8 139.3 138.8
2 136.6 136.6 137.6 137.6 137.2 136.8 138.2 136.9
3 137.0 137.0 138.1 137.9 135.6 134.3 138.2 136.5
4 138.0 137.9 138.3 137.7 138.3 138.4 138.4 136.8
5 135.5 135.7 135.8 136.5 135.8 136.6 137.3 135.7
6 138.0 137.9 139.3 139.0 139.6 140.0 138.2 136.9
7 142.8 142.9 143.1 142.9 143.5 143.3 139.8 139.4
8 143.0 142.8 144.0 144.7 144.1 143.9 139.8 139.8
9 142.3 142.8 142.7 142.7 143.0 143.5 139.5 138.8
10 144.7 144.1 145.1 144.9 145.7 146.3 140.2 139.7
Average 139.8 139.8 140.5 140.5 140.4 140.4 138.9 137.9
Standard
o 3.2 3.2 3.1 3.2 3.6 3.9 0.9 1.5
Deviation
Coefficient of
. 2.30% 2.26% 2.23% 2.25% 2.57% 2.75% 0.68% 1.09%
Variation

69
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Tables 4.8 and 4.9 summarize the gauge data callect investigate if core
average differences derived from cores obtainewh fitee ‘L-shaped’ footprint (indicated
in figure 3.1) are significantly different from tbe derived from cores obtained from the
‘cross-shaped’ footprint (indicated in figure 3.Zhe data was collected by performing
testing on the third (top) lift of the base couosethe project with multiple lifts having
same mix design (OR 18 project). Ten locations warelomly marked and alternate
locations were used to perform testing either hgire ‘cross-shaped’ combined gauge
footprint or the ‘L-shaped’ combined gauge footpriiable 4.8 comprises of data
obtained by positioning nuclear gauge such thatdbgprint is ‘cross shaped’. Table 4.9
comprises of data obtained by positioning nuclesugg such that the footprint is ‘L-
shaped’. For each nuclear gauge used on the ‘stegsed’ combined footprint, again
observe the similarity of average density basedvem readings versus four readings.
Note also the exceptionally low coefficient of \&ion (less than about 2% in most
cases) indicating very low variance about the ayeemensity of the 5 sample locations
each. In addition, there was at most a 0.9 3Hftference in average density between

nuclear gauge measurements.
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Table 4.8 — Summarized data obtained from ‘crosgstt’ footprint of wearing course
(lift 3) on OR 18 Project

Gauge Make, Nuclear Gauges
Model, and g
Serial Number
Troxler 3430 # 38806 Troxler 3430 # 38994
Last date of 2/12/2009 1/14/2009
calibration
Gauge Dean chess Josh Huber
Operator
Sample Avg Density, Ib/ft> Avg Density, Ib/ft*
. Four . Four .
Location . Two readings . Two readings
readings readings
11 150.8 150.0 151.9 151.4
13 152.2 151.9 153.4 152.7
15 149.2 149.2 150.4 150.3
17 153.2 153.3 152.5 152.6
19 154.3 154.3 154.7 154.6
Average 151.9 151.7 152.6 152.3
Standard 2.0 2.2 1.6 1.6
Deviation
Coefficient of
oetieient ot 1 319 1.43% 1.06% 1.06%
Variation
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Table 4.9 — Summarized data obtained from ‘L-shafoedprint of wearing course (lift
3) on OR 18 Project

Nuclear Gauges
Gauge Make,
Model, and
Serial Number |Troxler 3430| Troxler 3430
# 38806 # 38994
Last date of
. . 2/12/2009 | 1/14/2009
calibration
Gauge
& Dean chess | Josh Huber
Operator
Avg Density,| Avg Density,
Sample Ib/ft® lb/ft>
Location
Two .
. Two readings
readings
12 149.7 151.0
14 147.8 148.6
16 153.7 152.5
18 151.1 152.7
20 153.8 153.7
Average 151.2 151.7
Standard
L 2.6 2.0
Deviation
Coefficient of
cle 1.70% 1.30%
Variation
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4.4 Summary

The tables above contain the essential field thakeelp answer the various
research questions and fulfill the objectives. Frtime tables above, the common

observations can be summarized as follows:

1. The average densities obtained using the nucleagegaare almost always

higher than those obtained using the electromaggatiges.

2. The coefficient of variance is exceptionally loveq$ than about 2% in most
cases) indicating very low variance about the ayeedensity of the 10 sample
locations each (and in some instances, 5 samphkidos as indicated in
tables 4.8 and 4.9).

3. The difference in average density between nuclaagg measurements was
at most 1.9 Ib/ft (except on the top lift of OR 18 project as indkéchin table
4.3 when it was 3 Ibfft however, this was not the case when more readings
were taken on the same lift for other purposesdgated in tables 4.8 and
4.9 and the difference was at most 0.9 p/ft

4. The similarity in results between the average of f@adings per location and
the average of two readings per location is coasighroughout all the tables
(tables 4.1 t0 4.9).
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5.0 LABORATORY STUDY

The laboratory study was undertaken to measurduhlespecific gravity of the
cores obtained from the projects evaluated dutiegfield study (see Chapter 4), as well
as to measure the theoretical maximum specifice)Rgravity of loose HMA obtained
from the pavements immediately following the pavapgration (i.e., immediately before
compaction). Bulk specific gravity measurements evperformed using the saturated
surface-dry and automatic vacuum sealing methodke following sections provide

details and results of the laboratory study.

5.1 Labeling of Cores

The cores extracted from the projects during tel fstudy were labeled, placed
in plastic bags, and transported to the asphalirgdbry at Oregon State University
(OSU) where they were stored temporarily on shelVég cores were labeled based on
the project highway number, lift number, and logathumber. So, a core extracted from
the sixth location of the second lift of paving thie OR 18 project was labeled “18-2-6.”
Further, since it was extracted from the secont] iif was a composite core that
comprised of the first and second lifts; thus, ¢bee was cut with a diamond tipped saw
blade to separate the lifts. The portion comprighmgfirst lift was then labeled “18-2-6
Lift 1. Similarly, the portion comprising the sead lift was labeled “18-2-6 Lift 2.”

5.2 Details of Laboratory Testing Methods

Two test methods were used to measure the bulkfispg@vity of the cores and
a single test method was used to measure the Raatygof the loose HMA. The

following sections describe the test methods ithier detail.

5.2.1 Density Measurement of Cores

The cores were tested for bulk specific gravitpacordance with SSD method as
described in AASHTO T 166 Method A and C (41), adlvas in accordance with the

CoreLok manufacturer’s procedure (53) as outlimeéigure 5.1. Cores with more than
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one lift were tested for bulk specific gravity ugithe saturated surface-dry and vacuum
sealing methods, and then they were cut at thentétfaces and retested for bulk specific
gravity using the same methods.

\Z

Determine the bulk specific gravity via CoreLok Manufacturer's Procedure, G icoreLoki

\Z

Soak the core and determine mass of core submerged in water, MHZO,:,;:,, MHZO,:C:,

\Z

Dry the core surface and determine 55D mass of core, Mgr ia, Mssn e

\Z

Determine the bulk specific gravity via AASHTO T 166 Method A, Gy, ss-raethod 41

\NZ

Send cores to Asphalt Paving Association of Qrezon (APAQO) so that they can test the cores
for the bulk specific gravity via AASHTO T 166 Method A, Gy ssiraethod a1

\Z

After obtaining cores (and APAQO's BSG data) from APAQ, once again determine the bulk
specific gravity via AASHTO T 166 Method A, G isstorethod a1

\Z

Break-up and dry the core to constant mass and determine dry mass, Mpeyie;

\Z

Determine the bulk specific gravity via AASHTO T 166 Method €, G issp-rsthod o

Figure 5.1 — Flowchart to describe the order inoHaboratory tests were performed
After bulk specific gravity testing via AASHTO T @&@Viethod A and CorelLok
manufacturer's method was completed at OSU, thesceere sent to the Asphalt Paving

Association of Oregon (APAO) so that they could det bulk specific gravity tests
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(AASHTO T 166, Method A) on the same cores. Thuserilaboratory comparative
studies could be performed. Once testing at APAG wanpleted, the cores were sent
back to OSU and retested via AASHTO T 166 Methothekause there existed slight
differences in the dry weight of the core speciméefore and after the tests were
conducted at APAO. This was because the saturatefhce-dry masses and the
submerged masses were required for obtaining kpekiic gravity in accordance with
AASHTO T 166 Method C, which had not yet been penied.

It should be noted that, since the water usederbtilk specific gravity tests was
maintained at a temperature of#25C, the density of the cores were calculated by
multiplying the bulk specific gravity with the detysof water at 25°C (i.e., precisely
62.24 pcf).

5.2.2 Density Measurement on Loose Mix

Loose mix was sampled in accordance with AASHTO68 {51) and tested for
theoretical maximum specific gravity in accordamath AASHTO T 209 (45). Quality
control (QC) test results for theoretical maximymedfic gravity were obtained from the
contractor so as to make comparisons of theorati@dimum specific gravity obtained

from the plant and from the mat.

5.3 Test Results

Various data were recorded as a part of the latnyratudies. Detailed
summary tables are included in Appendix C, whictiudes details like project name,
date of extraction, date of testing, name of pergerforming test, type of mix, lift
thickness, core identification, sample locatioe.(istation and offset), nominal field and
laboratory thickness, bulk specific gravity and sign(and related test procedure values
needed to calculate the core density in accordantte the various procedures). This

section includes condensed summaries of the dataioed in Appendix C.
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5.3.1 Densities Obtained from Measurements on Cores

Tables 5.1 to 5.8 summarize the density of cores flifts on new construction
pavements where each lift has the same mix deSigole 5.1 includes the data for the
first (bottom) lift over the aggregate base, tabl2 includes the data for the composite
cores extracted from the second (middle) lift, @abl3 includes the data for the core
section belonging to first (bottom) lift that wast out from that composite core, table 5.4
includes the data for the core section belongingetmond (middle) lift that was cut out
from that composite core, table 5.5 includes thia dar the composite cores extracted
from the third (top) lift, table 5.6 includes thatd for the core section belonging to first
(bottom) lift that was cut out from that compositae, table 5.7 includes the data for the
core section belonging to second (middle) lift thvais cut out from that composite core,
and table 5.8 includes the data for the core sediglonging to the third (top) lift that
was cut out from that composite core. Note thaheace testing method, in comparison
to the remaining core testing methods, is condistenughout all the lifts (for e.g., if the
CoreLok method average reads lower than the SShadeA average and higher than
the SSD method C average on a particular lift, tttee same comparative result is
observed to remain consistent throughout all timeareing lifts as well). Note also the
exceptionally low coefficient of variation (lessath about 2% in most cases) indicating
very low variance about the average density ofltheample locations. In addition, there
was at most a 2.1 Ibfftdifference in average density between various dests’

measurements.

The Figures 5.2 to 5.9 comprise of bar charts tombhpare the nuclear gauge
measurements, electromagnetic gauge measurememese(x@r used), and core results
(on the new construction pavement project with ipldtlifts and same mix design) for
the lifts indicated in the corresponding tables t6.5.8. Here, note that the averages of
the nuclear gauges’ density values were alwaysehighan those of the electromagnetic
gauges and almost always higher than those ofdfeetesting methods’ density values in
most of the instances. Similarly, the density rissfrom the electromagnetic gauges and

the various core tests were about the same in afidisé instances.
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Table 5.1 — Summarized data obtained from lift O& 18

s le Locati o Density obtained from AASHTO T 166
ample Location Nominal ensity
.omlna Thickness of ) (Ib/ft%)
Locati Thickness of s d obtained
oc_atlon/ Intact epa.rate from (Method A) | (Method A)
Specimen ID station | Offset Specimen SPeamen Corelok BSG| BSG-before | BSG -after | (Method C)
(inches) | \ches) e APAO APAO BSG
testing testing
18-1-1 106+50 8.2 3.35 2.52 147.2 155.1 155.0 154.1
18-1-2 116+91 1.6 3.74 3.43 147.7 148.0 147.2 146.6
18-1-3 120+53 2.9 2.36 2.05 148.3 148.0 147.4 146.7
18-1-4 130+80 6.6 3.54 2.95 146.0 150.0 149.6 148.5
18-1-5 142+09 8.2 3.43 2.95 150.2 150.3 149.6 148.4
18-1-6 133+38 5.7 3.39 2.95 152.7 153.0 152.2 150.9
18-1-7 124+96 4.9 3.62 2.99 154.0 155.6 155.5 155.1
18-1-8 123+30 3 3.43 2.80 148.9 150.0 149.5 148.1
18-1-9 116+56 5.4 3.82 3.39 155.1 155.0 154.7 153.5
18-1-10 115+53 4.8 4.25 3.54 151.1 154.4 154.2 152.6
Average 3.49 2.96 150.1 151.9 151.5 150.4
Standard
L 0.48 0.45 3.1 3.0 3.2 3.2
Deviation
Coefficient of
. 13.78% 15.10% 2.03% 1.97% 2.12% 2.12%
Variation
18-1
158.0
156.0
154.0 —— ——
@ -
& 1520 1
g 1
)
. 1500 == ]
=)
2
@ 1480
[a]
146.0
144.0
142.0
Troxler Troxler Troxler Troxler Troxler Troxler CoreLok SSDmethod SSD method SSD method
3430# 34304 3430# 3430# 3440# 34404 A(before  Af(after C
38804 (4) 38804(2) 38806(4) 38806(2) 25714(4) 25714(2) APAO) APAO)
Averages and 95% Confidence Interval

Figure 5.2 — Comparison of densities and their idemnice limits (95%) obtained from the
various tests performed on section 18-1
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Table 5.2 - Summarized data obtained from compasites (lift 1 and 2) of OR 18

Density (Ib/ft3)

Density
Sample Location Nominal . Density obtained
Thickness of T:::;Zisegf obtained AAfSrI(-)i?O T
Core ID Intact . from
Specimen S?eC|men Corelok BsG| 166(SSD
Station | Offset (inches) (inches) (Ib/fE) Method A)
BSG-before
APAQ
18-2-1 140+08 5.2 5.12 4.45 149.4 149.2
18-2-2 140+53 6.4 5.28 4.29 148.2 148.7
18-2-3 141+42 10.8 5.71 4.92 148.5 148.3
18-2-4 142406 15.1 5.71 4.96 148.6 148.7
18-2-5 144+06 8.4 5.91 5.35 148.9 149.0
18-2-6 145+08 13.6 6.06 5.31 149.8 149.8
18-2-7 145+25 3.8 5.75 4.92 148.7 148.4
18-2-8 145+94 1.9 5.79 5.12 147.0 147.5
18-2-9 146+67 7.4 5.63 4.72 148.2 150.7
18-2-10 146+97 4.1 5.39 4.80 149.7 149.6
Average 5.63 4.89 148.7 149.0
Standard
. 0.29 0.34 0.8 0.9
Deviation
Coefficient of
. 5.15% 6.97% 0.56% 0.60%
Variation
18-2 uncut
154.0
153.0
1520 ] %
151.0 ] T
150.0
1 I

149.0

148.0

147.0

146.0

145.0

1440

Troxler 3440 Troxler 3440 Troxler3430 Troxler 3430 Troxler 3440 Troxler 3440

#30860(4) #30860(2) #38806(4) #38806(2) #25714(4) #25714(2)

PQI301

PQl300

Averages and 95% Confidence Interval

Corelok

SSD method
A

various tests performed on section 18-2

Figure 5.3 — Comparison of densities and their idemnice limits (95%) obtained from the
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Table 5.3 - Summarized data obtained from lift dtise cores of composite cores (lifts 1
and 2) of OR 18

Sample Location Nominal ) Density Density obtained from AASHTO T 166 (Ib/ft’)
. Thickness of .
. Thickness of obtained
Location/ Intact Separated from (Method A)| (Method A) (Method A)
i i BSG-before | BSG -after Method C
specimen ID Station | Offset | Specimen Sr'Jeamen Corelok BSG BSG-APAO ( )
inch (inches) 3 APAO APAO results BSG
u
(inches) (Ib/ft") testing testing
18-2-1Lift1 140+08 5.2 0.00 2.17 149.8 149.8 149.3 149.6 148.0
18-2-2 Lift 1 140+53 6.4 0.00 2.05 149.0 149.5 148.6 149.1 147.1
18-2-3 Lift 1 141+42 10.8 0.00 2.36 151.3 151.3 150.6 151.0 149.9
18-2-4 Lift 1 142+06 15.1 0.00 2.52 149.1 149.8 147.3 147.1 146.3
18-2-5Lift 1 144+06 8.4 0.00 2.52 148.4 148.7 147.2 147.4 146.3
18-2-6Lift 1 145+08 13.6 0.00 2.56 150.0 149.9 149.6 149.8 149.3
18-2-7 Lift 1 145+25 3.8 0.00 2.24 148.5 148.0 146.2 146.3 145.2
18-2-8 Lift 1 145+94 1.9 0.00 2.52 145.1 145.8 144.6 145.0 143.3
18-2-9Lift1 146+67 7.4 0.00 2.24 152.5 152.6 151.8 152.1 151.2
18-2-10 Lift 1 146+97 4.1 0.00 2.28 145.9 150.3 148.4 148.4 147.5
Average 2.35 149.0 149.6 148.4 148.6 147.4
Standard
- 0.18 2.2 1.8 2.1 2.2 2.3
Deviation
Coefficient of
L 7.55% 1.50% 1.23% 1.44% 1.47% 1.58%
Variation
18-2 Lift 1
154.0
1520 {— } jf Jr
o~ 1500 I 1
s
~ 1
E 14 T
= 1480 1
Z I J 1
(7]
=
)]
O 1460
144.0
142.0
Troxler  Troxler Troxler Troxler Troxler Troxler PQI301 PQI300 Corelok SSD SSb SSD SSD
34404 34404 3430# 3430#  3440# 3440# method A method A method A method C
30860 (4) 30860 (2) 38806 (4) 38806 (2) 25714 (4) 25714(2) (before  (after  (APAO)
APAO)  APAO)
Averages and 95% Confidence Interval

Figure 5.4 — Comparison of densities and their idemnice limits (95%) obtained from the
various tests performed on section 18-2 Lift 1
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Table 5.4 - Summarized data obtained from lift &is@ cores of composite cores (lifts 1
and 2) of OR 18

Sample Location . . Density obtained from AASHTO T 166 (Ib/fts)
Nominal R Density
Thickness of Thickness of obtained
Location/ Separated (Method A)| (Method A)
Specimen ID Intact Specimen from BSG-before| BSG -after (Method A) ( Method C)
Station | Offset i BSG-APAO
Speumen (inches) CoreLokSBSG APAO APAO e BSG
(inches) (Ib/ft’) testing testing
18-2-1 Lift 2 140+08 5.2 N/A 2.24 148.5 148.5 148.8 149.3 148.0
18-2-2 Lift 2 140+53 6.4 N/A 2.24 147.1 148.2 147.1 146.6 146.6
18-2-3 Lift 2 141+42 10.8 N/A 2.56 147.1 148.3
18-2-4 Lift 2 142+06 15.1 N/A 2.44 148.6 145.5 147.7 147.6 147.7
18-2-5 Lift 2 144+06 8.4 N/A 2.64 148.5 149.9 149.0 148.8 148.0
18-2-6 Lift 2 145+08 13.6 N/A 2.76 148.6 150.4 149.7 150.2 149.0
18-2-7 Lift2 145+25 3.8 N/A 2.60 149.0 149.6 148.5 148.6 147.8
18-2-8 Lift 2 145+94 1.9 N/A 2.60 149.4 149.9 149.4 149.7 148.7
18-2-9 Lift 2 146+67 7.4 N/A 2.36 149.0 149.8 148.7 148.8 147.7
18-2-10 Lift 2 146+97 4.1 N/A 2.44 148.0 149.0 147.9 147.9 147.5
Average 2.49 148.4 148.9 148.5 148.6 147.9
Standard
ar-1 e.zr 0.17 0.8 1.4 0.8 11 0.7
Deviation
Coefficient of
- 6.87% 0.51% 0.96% 0.56% 0.75% 0.47%
Variation
18-2 Lift 2
154.0
153.0
152.0 +—1 I
151.0 FH 1
N
g 150.0
S~
=2 1490 |
3 148.0 1] A 1] I
a 1]
@ 1470
[a]
146.0
145.0
144.0
143.0
Troxler  Troxler  Troxler  Troxler  Troxler Troxler PQI301 PQI300 Corelok SSD SSD SSD SSD
3440# 3440# 3430# 3430# 34404 34404 method A method A method A method C
30860 (4) 30860 (2) 38806 (4) 38806 (2) 25714 (4) 25714 (2) (before  (after  (APAO)
APAO)  APAO)
Averages and 95% Confidence Interval

Figure 5.5 — Comparison of densities and theifidence limits (95%) obtained from
the various tests performed on section 18-2 Lift 2
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Table 5.5 - Summarized data obtained from compasites (lifts 1, 2, and 3) of OR 18

Sample Location Nominal hick ) Density Den'sity
Thickness of Slc neis;) obtained obtained
Core ID Stati off Intact Sepa.ra € from from
tation set Specimen (;?ec;]me)n Corelok BSG AASHTO T
. inches
(mches) (Ib/ft3) 166 (SSD
Methaod A)
18-3-1 139+57 3.8 6.30 5.51 151.1 150.4
18-3-2 139+84 9.4 6.81 5.91 155.1 152.6
18-3-3 140+86 2.2 7.36 6.38 152.2 151.5
18-3-4 141+38 10 6.81 6.18 150.1 149.7
18-3-5 142+01 5.3 6.81 6.06 149.5 149.2
18-3-6 142+51 2.9 7.28 5.51 150.5 145.7
18-3-7 143492 3.4 7.44 6.85 148.2 147.8
18-3-8 144498 11.5 7.24 5.63 N/A N/A
18-3-9 146+82 2.5 7.48 6.65 145.8 145.7
18-3-10 147+36 1.5 7.20 6.30 144.5 145.8
Average 7.07 6.10 149.7 148.7
Standard 0.38 0.46 3.2 26
Deviation
Coefficient of
I. I . 5.33% 7.62% 2.16% 1.75%
Variation
18-3 uncut
156.0
154.0
152.0
g 150.0 —f— ] BE ——
)
= 148.0 T J_ N
P i <'> 1
¥
S 146.0 %
o
144.0
142.0

140.0

Troxler Troxler Troxler Troxler Troxler Troxler PQI301 PQI301(no PQI300 PQI300 (no CorelLok SSD
34404 34404 3430# 3430# 3440Plus# 3440Plus# (sand) sand) (sand) sand) method A
30860 (4) 30860(2) 38806(4) 38806(2) 39525(4) 39525(2) (before
APAO)

Averages and 95% Confidence Interval

Figure 5.6 — Comparison of densities and theiridemnice limits (95%) obtained from the
various tests performed on section 18-3
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Table 5.6 - Summarized data obtained from lift dtisa cores of composite cores (lifts
1, 2, and 3) of OR 18

Sample Location Nominal ) Density Density obtained from AASHTO T 166 (Ib/ftg)
Thickness of Thickness of obtained
Location/ Separated (Method A) | (Method A)
i Intact i from BSG-before| BSG -after (Method A) ( Method C)
spedmenID | giation | Offset | specimen | “PE9™e" |corelok BSG BSG-APAO
X (inches) 3 APAO APAO results BSG
(inches) (Ib/ft) testing testing
18-3-1Lift 1 139457 3.8 0.00 1.81 154.3 154.0 153.9 154.2 153.9
18-3-2 Lift 1 139+84 9.4 0.00 2.56 154.9 155.0 154.1 154.0 153.2
18-3-3 Lift 1 140+86 2.2 0.00 2.99 153.3 153.1 150.8 150.7 150.0
18-3-4 Lift 1 141+38 10 0.00 2.87 152.7 152.9 152.5 152.7 151.6
18-3-5Lift 1 142+01 5.3 0.00 2.95 151.9 151.7 150.7 150.9 150.5
18-3-6 Lift 1 142451 2.9 0.00 1.97 152.0 152.2 152.0 152.5 151.0
18-3-7 Lift 1 143492 3.4 0.00 3.43 149.4 151.0 150.1 150.8 149.3
18-3-8 Lift 1 144+98 11.5 0.00 1.89 152.2 152.3 151.7 152.2 150.6
18-3-9Lift 1 146+82 2.5 0.00 2.76 146.6 147.1 144.0 143.6 142.5
18-3-10 Lift 1 147+36 1.5 0.00 2.56 141.5 143.1
Average 2.58 150.9 151.2 151.1 151.3 150.3
Star-1de.1rd 0.54 4.1 3.6 3.0 3.2 33
Deviation
Coefficient of
oe {Clén ° 20.77% 2.70% 2.36% 1.98% 2.10% 2.18%
Variation
18-3 Lift 1
156.0
154.0
152.0
= 1l m [ a
& 1500 I
ey
= o [ 1 h
2 |
E> ‘l‘
S 146.0 T
o
144.0
142.0
140.0
Troxler Troxler Troxler Troxler Troxler Troxler PQI301 PQI301 PQI300 PQI300 CoreLok SSD SSD SSD SSD
3440# 3440# 3430# 3430# 3440 3440 (sand) (nosand) (sand) (nosand) method method method method
30860 30860 38806 38806 Plus#  Plus# A (before A (after A(APAO) C
(4) (2) (4) (2) 39525 39525 APAO)  APAO)
(4) (2)
Averages and 95% Confidence Interval

Figure 5.7 — Comparison of densities and theiridemnice limits (95%) obtained from the
various tests performed on section 18-3 Lift 1



84

Table 5.7 - Summarized data obtained from lift &ise cores of composite cores (lifts
1, 2,and 3) of OR 18

. . . 3
Sample Location Nominal ) Density Density obtained from AASHTO T 166 (Ib/ft")
. Thickness of .
X Thickness of obtained
Location/ Separated (Method A)| (Method A)
Specimen ID Intact Specimen from bef f (Method A) hod
P Station | Offset | Specimen | °° Corelok BsG| BSG-before | BSG-after | oo oo | (Method €)
; (inches) 3 APAO APAO BSG
(inches) (Ib/ft%) . . results
testing testing
18-3-1 Lift 2 139+57 3.8 N/A 1.57 147.9 149.5 149.1 149.5 148.2
18-3-2 Lift 2 139+84 9.4 N/A 1.14 147.8 148.8 147.5 147.5 146.3
18-3-3 Lift 2 140+86 2.2 N/A 1.54 151.2 152.2 151.8 151.6 151.2
18-3-4 Lift 2 141+38 10 N/A 0.98 147.3 148.3 147.9 148.4 146.3
18-3-5Lift 2 142+01 5.3 N/A 1.02 146.6 148.2 147.3 147.6 146.2
18-3-6 Lift 2 142+51 2.9 N/A 1.18 149.0 149.8 149.3 149.9 148.3
18-3-7 Lift 2 143492 3.4 N/A 0.98 142.0 144.3 142.6 143.7 142.0
18-3-8 Lift 2 144+98 11.5 N/A 1.06 146.6 148.4 147.9 147.9 146.7
18-3-9 Lift 2 146+82 2.5 N/A 1.57 149.3 150.3 149.8 149.8 148.9
18-3-10 Lift 2 147+36 1.5 N/A 1.57 146.0 147.3 145.9 145.8 144.5
Average 1.26 147.4 148.7 147.9 148.2 146.9
Standard
. 0.27 2.4 2.1 2.5 2.3 2.5
Deviation
Coefficient of
e 21.10% 1.65% 1.39% 1.67% 1.52% 1.72%
Variation
18-3 Lift 2
156.0
154.0
152.0
EN L
& 1500 ] BB
2 |
; 148.0 I T _I_ N
z iR |
5 146.0 T
[a]
144.0
142.0
140.0
Troxler Troxler Troxler Troxler Troxler Troxler PQI301 PQI301 PQI300 PQI300 CoreLok SSD SSD SSD SSD
3440# 3440# 3430# 3430# 3440 3440 (sand) (nosand) (sand) (nosand) method method method method
30860 30860 38806 38806 Plus#  Plus# A (before A(after A(APAO)  C
(4) (2) (4) (2) 39525 39525 APAO) APAO)
(4) (2)
Averages and 95% Confidence Interval

Figure 5.8 — Comparison of densities and theiridemnice limits (95%) obtained from the
various tests performed on section 18-3 Lift 2



85

Table 5.8 - Summarized data obtained from lift &is@e cores of composite cores (lifts
1, 2,and 3) of OR 18

Sample Location Nominal Density Density obtained from AASHTO T 166 (Ib/ft’)
. Thickness of X
Location/ Thickness of Separated obtained
Specimen ID Intact Schimen from (Met:ofd " (Methofd Y (Method A) hod
. BSG- BSG -aft Met C
Station | Offset | Specimen | ° 1 % |Corelok BSG AP:Oore Apf\oer BsG-APAO | ¢ eBsg )
(inches) (Ib/ft) k . results
testing testing
18-3-1Lift3 139+57 3.8 N/A 2.17 149.9 150.1 149.4 149.0 149.0
18-3-2 Lift 3 139+84 9.4 N/A 2.20 152.8 153.2 153.0 153.0 152.5
18-3-3 Lift 3 140+86 2.2 N/A 2.05 148.2 149.5 148.4 148.5 147.9
18-3-4 Lift 3 141+38 10 N/A 2.36 146.2 148.1 147.5 148.0 147.0
18-3-5Lift 3 142+01 5.3 N/A 2.05 146.9 147.7 146.2 146.4 145.7
18-3-6 Lift 3 142+51 2.9 N/A 2.32 148.5 149.2 148.9 149.3 148.3
18-3-7 Lift 3 143+92 3.4 N/A 2.36 147.6 148.1 147.7 148.0 147.1
18-3-8 Lift 3 144+98 11.5 N/A 2.44 147.3 148.2 147.9 148.3 147.4
18-3-9 Lift 3 146+82 2.5 N/A 2.48 142.9 144.2 142.7 141.8 142.1
18-3-10 Lift 3 147+36 1.5 N/A 2.13 147.3 147.9 147.1 146.9 146.8
Average 2.26 147.7 148.6 147.9 147.9 147.4
Standard
. 0.16 2.5 2.3 2.6 2.8 2.6
Deviation
Coefficient of
oetiicient o 7.03% 1.73% 1.52% 1.75% 1.88% 1.77%
Variation
18-3 Lift 3
156.0
154.0
152.0
T .
& 1500 M
S
< 148.0 I _L N ==
> 148 i —+ 0
2 1
2 T 1
5 146.0 t
(a)
144.0
1420
140.0
Troxler Troxler Troxler Troxler Troxler Troxler PQI301 PQI301 PQI300 PQI300 CoreLok SSD SSD SSD SSD
3440# 3440# 3430# 3430# 3440 3440 (sand) (nosand) (sand) (nosand) method method method method
30860 30860 38806 38806 Plus#  Plus# A (before A (after A (APAO) C
(4) (2) (4) (2) 39525 39525 APAO) APAO)
(4) (2)
Averages and 95% Confidence Interval

Figure 5.9 — Comparison of densities and theiridemnice limits (95%) obtained from the
various tests performed on section 18-3 Lift 3
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Tables 5.9 and 5.10 summarize the density of c@n@® lifts on the new
pavement construction pavement project with edthdiving different mix design. Table
5.9 includes the data for the first (bottom) liften the aggregate base and table 5.10
includes the data for the second (top) lift. Nobatteach core testing method, in
comparison to the remaining core testing methasponsistent throughout all the lifts
(for e.qg., if the CoreLok method average reads tawan the SSD method A average and
higher than the SSD method C average on a partitittlathen this same comparative
result is observed to remain consistent througlatiuthe remaining lifts as well). Note
also the exceptionally low coefficient of variatigless than about 2% in most cases)
indicating very low variance about the average g the 10 sample locations. In
addition, there was at most a 1.8 [bdfifference in average density between various core

tests’ measurements.

The Figures 5.10 and 5.11 comprise of bar chadisdbmpare the nuclear gauge
measurements and core results (on the new pavexmestruction pavement project with
each lift having different mix design) for the $findicated in the corresponding tables
5.9 and 5.10. Here, note that the averages of totear gauges’ density values were
about the same as those of the core testing meéthledsity values in most of the
instances. However, the density measurements of dleetromagnetic gauges’
measurements were almost always lower than thosgeofuclear gauges’ measurements

and core tests’ measurements.
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Table 5.9 - Summarized data obtained from lift 1-5fproject

. . Density obtained from
Sample Location Nominal Density 3
eation/ Thickness of | obtained AA(\SS:DTO T 166 (Ib/ft")
Specimen ID Intact from (SSD
P Station Offset Specimen |Corelok BSG Method A) Method C)
(ft) (inches) (Ib/ft%) BSG BSG
5.1.1 252+22 4 2.76 144.3 146.2 145.6
5.1.2 254+07 6.5 2.95 140.1 142.4 141.9
5.1.3 255+07 9.5 2.56 143.6 144.7 144.1
514 255+67 5.5 2.68 142.2 143.4 143.3
5.1.5 255+81 8.4 2.24 143.6 145.3 145.5
5.1.6 256+33 9 2.76 141.2 143.8 143.6
5.1.7 257+55 9 2.83 144.6 145.5 145.0
5.1.8 259+35 2.7 2.95 143.8 145.2 144.3
5.1.9 261+68 5.3 2.56 143.3 145.2 144.8
5.1.10 263+88 7.2 2.48 143.5 144.3 144.0
Average 2.7 143.0 144.6 144.2
Standard
L 0.2 1.4 1.1 1.1
Deviation
Coefficient of 8.29% 1.00% 0.79% 0.77%
Variation
I-5 Lift 1

147.0
146.0 T 7 T T

145.0 —# T T ‘j‘ ‘i‘ i

o Ty - -

143.0 — | i
1420 —

1410 +— i

Densities (Ib/ft3)

140.0 — i

139.0

Troxler 3430Troxler 3430Troxler 3430Troxler 3430 CPNMC3  CPN MC3 CoreLok SSD Method SSD Method
#38996 (4) #38996(2) #38806(4) #38806(2) Portaprobe Portaprobe A C
#7443(4) #7443(2)

Average Densities and 95% confidence interval

Figure 5.10 — Comparisons of densities and thé 8bnfidence level obtained from the
various tests performed on Lift 1 of the projectl-én
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Table 5.10 - Summarized data obtained from liff 2% project

. Density obtained from
Sample Location . 3
Nominal Density AASHTO T 166 (Ib/ft%)
Location/ Thickness of | obtained
szccfmlz:: D Intact from (Ssb (55D
Offset i Method A
Station . S?eC|men Core LokaBSG o ) Method C)
(ft) (inches) (Ib/2%) BSG
5.2.1 252+02 9.1 2.48 142.4 143.8 143.1
5.2.2 252459 3.4 3.15 143.3 144.9 144.7
5.2.3 253+34 2 2.95 144.6 145.4 145.1
5.2.4 254423 4.1 3.15 141.6 143.3 142.9
5.2.5 254498 3.3 3.23 141.7 142.5 142.1
5.2.6 256+62 2.3 3.23 143.2 144.3 143.8
5.2.7 258+07 11.7 3.31 141.1 142.2 141.9
5.2.8 258+83 6 3.23 140.7 142.5 142.0
5.2.9 260+92 10.1 2.91 142.4 143.8 143.3
5.2.10 263+60 9 2.95 138.5 144.6 144.4
Average 3.1 142.0 143.7 143.3
Standard
. 0.2 1.7 1.1 1.2
Deviation
Coefficient of
oettiaient o 8.03% 1.19% 0.77% 0.81%
Variation
I-5 Lift 2
146.0
145.0
144.0 e . T T l J’r T
£ 1430 —| | F— T T T— | 1| —
=
.g 1420 +— —— —T1T1r—IH—— H —*1r == 1 —
b=
(72}
S vwo— — 4"+ +—4 4 H I 1 =
(=)
1400 +—| 1 1 1 — — 1 -
139.0 +—| 1 1 1 — — 1 -
138.0
Troxler Troxler Troxler Troxler CPNMC3 CPNMC3 Humboldt Humboldt Corelok SSD SSD
34304# 34304 34304 34304# PortaprobePortaprobe 5001C# 5001C# Method A Method C
38996 (4) 38996 (2) 38806(4) 38806(2) #7443 (4) #7443(2) 1344(4) 1344(2)
Average Densities and 95% confidence interval

Figure 5.11 — Comparisons of densities and thé¥ 8bnfidence level obtained from the
various tests performed on Lift 2 of the projectl-én
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Tables 5.11 to 5.14 summarize the density of ctras lifts on the mill and fill
with overlay construction pavement project withleéft having same mix design. Table
5.11 includes the data for the first (bottom oawllift over the aggregate base, table 5.2
includes the data for the composite cores extraftted the second (top or overlay) lift,
table 5.3 includes the data for the core sectidonggng to first (bottom or inlay) lift that
was cut out from that composite core, and tablariclides the data for the core section
belonging to second (top or overlay) lift that wasg out from that composite core. Note
that each core testing method, in comparison toréhgining core testing methods, is
consistent throughout all the lifts (for e.qg., lilet CoreLok method average reads lower
than the SSD method A average and higher than 82 ®ethod C average on a
particular lift, then this same comparative resiltobserved to remain consistent
throughout all the remaining lifts as well). Noleathe exceptionally low coefficient of
variation (less than about 2% in most cases) itidigavery low variance about the
average density of the 10 sample locations. Intihjithere was at most a 2.9 1B/ft
difference in average density between various ¢tests’ measurements (however, the

remaining lifts had a difference of at most 1.7t/

The Figures 5.12 to 5.15 comprise of bar charts ¢bepare the nuclear gauge
measurements, electromagnetic gauge measuremadtgoee results (on the mill and
fill with overlay construction pavement project ieach lift having same mix design)
for the lifts indicated in the corresponding tabkd1 to 5.14. Here, note that the
averages of the nuclear gauges’ density values almvat the same as those of the core
testing methods’ density values in most of the aneses. However, the density
measurements of the electromagnetic gauges’ measate were almost always lower

than those of the nuclear gauges’ measurementsaadests’ measurements.
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Table 5.11 - Summarized data obtained from lifft DB 140

Density obtained from AASHTO T 166
Sample Location 3
Nominal . Density (Ib/ft")
. Thickness of Thickness of obtained
Location/ Intact Separated from (Method A) | (Method A)
Specimen ID i Specimen BSG-before | BSG -after Method C
Station | Offset | SPecimen (inches) CoreLok3BSG ( )
(inches) (Ib/ft) APAO APAO BSG
testing testing
140-1-1 328+55 1.3 2.09 1.26 139.9 141.7 141.3 140.2
140-1-2 329+05 11.2 2.13 1.65 140.8 142.2 141.5 141.0
140-1-3 329+21 10.2 2.09 1.46 138.9 140.4 139.9 138.7
140-1-4 329+37 6.6 2.13 1.38 139.8 141.3 140.8 140.4
140-1-5 330+50 3.5 2.36 1.65 139.9 141.3 N/A N/A
140-1-6 330+80 5.1 2.44 1.77 139.5 140.6 140.0 138.9
140-1-7 331+40 3.3 2.36 1.77 139.5 141.1 140.3 139.3
140-1-8 332+62 12.2 2.28 1.46 137.2 139.5 138.0 137.1
140-1-9 334+03 7.8 2.52 1.85 138.2 139.8 139.5 138.4
140-1-10 334+86 1.6 2.56 1.97 134.5 136.9 136.7 135.7
Average 2.30 1.62 138.8 140.5 139.8 138.9
Standard
. 0.18 0.23 1.8 1.5 1.5 1.7
Deviation
Coefficient of
L. 7.88% 14.00% 1.31% 1.07% 1.10% 1.19%
Variation
140-1
143.0
142.0
141.0
140.0 —I_ ——
T 1390 HH | — 1 —
A
~
2 1380 |-
> - ——
2 1370
w
c
O 1360
o
135.0
134.0
133.0
132.0
Troxler Troxler Troxler Troxler Troxler Troxler PQl301 PQI300  CorelLok SSD SSD SSD
3430#  3430#  3430#  3430#  3430#  3430# method A method A method C
38996 (4) 38996(2) 38806(4) 38806(2) 35601(4) 35601(2) (before (after
APAO)  APAO)
Averages and 95% Confidence Interval

Figure 5.12 — Comparison of densities and theifidence limits (95%) obtained from
the various tests performed on section 140-1 Lift 1
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Table 5.12 - Summarized data obtained from comgasites (lifts 1 and 2) of OR 140

Sample Location Density
Nominal - obtained
ensi
Thicir::;:: of Thickness of obtaineyd from
Location/ Separated AASHTO T
. . Intact . from
SpecimenID | Station | Offset . Specimen 166 (SSD
Specimen j Corelok BSG
o (inches) 5 Method A)
(inches) (Ib/ft") BSG-before
APAO
140-2-1 326+35 11.6 4.92 3.94 142.0 142.4
140-2-2 329+40 6.2 5.04 3.94 138.3 139.5
140-2-3 330+65 12.3 4.65 3.74 N/A N/A
140-2-4 331+02 3.6 4.61 3.74 139.5 139.8
140-2-5 333+46 2.2 5.12 4.33 131.2 138.2
140-2-6 334+02 4.1 5.31 4.41 138.6 139.5
140-2-7 334+48 11.2 4.80 3.74 142.0 142.6
140-2-8 334+78 10.5 5.00 4.49 N/A N/A
140-2-9 334+83 11.4 5.08 4.17 N/A N/A
140-2-10 334494 10.1 5.24 4,57 143.2 143.6
Average 4,98 4,11 139.2 140.8
Standard 0.23 0.33 4.0 2.0
Deviation
Coefficient of
L 4.72% 7.97% 2.88% 1.43%
Variation
140-2 uncut

144.0

142.0

140.0 —— —

138.0 T

136.0

Density (lb/ft3)

134.0

132.0

130.0

Troxler 3430 Troxler 3430 Troxler 3430 Troxler 3430 Troxler3430 Troxler3430  PQI301 PQI300 Corelok  SSDmethod
#38996(4) #38996(2) #38806(4) #38806(2) #35601(4) #35601(2) A (before
APAO)

Averages and 95% Confidence Interval

Figure 5.13 — Comparison of densities and theifidence limits (95%) obtained from
the various tests performed on section 140-2
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Table 5.13 - Summarized data obtained from lifedtiosn cores of composite cores (lifts
1 and 2) of OR 140

Sample Location . . Density obtained from AASHTO T 166 (Ib/fts)
Nominal . Density
. Thickness of .
Location/ Thickness of Separated obtained
Specimen ID Intact Schimen from (Method A)} (Method A) (Method A)
: BSG-before| BSG -after Method C
Station | Offset | Specimen | "o Corelok BSG APAG Apa0 | BSGAPAO ( BSG )
(inches) (Ib/ft) ) ) results
testing testing
140-2-1 326+35 11.6 N/A 1.77 142.5 143.1 142.8 143.1 142.1
140-2-2 329+40 6.2 N/A 1.69 140.6 141.9 141.0 141.3 139.6
140-2-3 330+65 12.3 N/A 1.46 139.0 141.1 140.4 140.8 139.1
140-2-4 331+02 3.6 N/A 1.65 140.8 141.8 141.4 141.5 140.3
140-2-5 333+46 2.2 N/A 1.97 136.9 139.0 138.5 138.4 N/A
140-2-6 334+02 4.1 N/A 1.89 138.5 140.1 139.2 139.9 138.4
140-2-7 334+48 11.2 N/A 1.50 138.4 140.3 139.2 139.0 137.6
140-2-8 334+78 10.5 N/A 1.97 135.9 139.6 139.1 139.2 137.9
140-2-9 334+83 11.4 N/A 1.65 137.3 139.2 138.4 138.0 137.4
140-2-10 334+94 10.1 N/A 2.05 140.0 141.2 140.5 140.9 139.6
Average 1.76 139.0 140.7 140.0 140.2 139.1
Standard
L 0.20 2.0 13 1.4 1.6 1.5
Deviation
Coefficient of
I. I . 11.60% 1.46% 0.94% 1.02% 1.13% 1.09%
Variation
140-2 Lift 1
144.0
143.0
142.0
141.0 ——
+ 1400 ——— — FH FH 1]
) |
é 139.0 ==
> 1]
B 1380 —
w
c
@ 1370
(a]
136.0
135.0
134.0
133.0
Troxler  Troxler  Troxler ~ Troxler  Troxler  Troxler PQI301 PQI300 Corelok SSD SSD SSD SSD
3430# 3430# 3430# 3430#  3430#  3430# method A method A method A method C
38996 (4) 38996 (2) 38806 (4) 38806 (2) 35601 (4) 35601 (2) (before  (after  (APAO)
APAO)  APAO)
Averages and 95% Confidence Interval

Figure 5.14 — Comparison of densities and theifidence limits (95%) obtained from
the various tests performed on section 140-2 Lift 1
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Table 5.14 - Summarized data obtained from life@ti®n cores of composite cores (lifts
1 and 2) of OR 140

Sample Location i i 3
p Nominal . Density Density obtained from AASHTO T 166 (Ib/ft%)
R Thickness of X
’ Thickness of obtained | (Method A)| (Method A)
Location/ Separated (Method A)
A . Intact . from BSG-before| BSG -after ( Method C)
Specimen ID Station | Offset R Specimen BSG-APAO
Specimen . Corelok BSG APAO APAO BSG
- (inches) 3 . R results
(inches) (Ib/ft%) testing testing
140-2-1 326+35 11.6 N/A 2.28 139.9 142.3 143.4 141.9 142.2
140-1-2 329+40 6.2 N/A 2.28 140.8 139.3 138.0 137.7 137.4
140-1-3 330+65 12.3 N/A 2.36 138.9 139.0 138.0 138.0 136.9
140-1-4 331+02 3.6 N/A 2.05 139.8 139.7 139.1 139.2 137.9
140-1-5 333+46 2.2 N/A 2.56 139.9 138.3 137.3 137.2 137.4
140-1-6 334+02 4.1 N/A 2.56 139.5 140.4 139.8 140.3 139.2
140-1-7 334+48 11.2 N/A 2.28 139.5 143.8 143.1 143.4 142.6
140-1-8 334+78 10.5 N/A 2.56 137.2 144.8 143.5 144.0 142.2
140-1-9 334+83 11.4 N/A 2.56 138.2 143.6 142.6 142.7 141.3
140-1-10 334+94 10.1 N/A 2.56 134.5 145.7 145.4 145.3 144.9
Average 2.41 138.8 141.7 141.0 141.0 140.2
Standard
. 0.18 1.8 2.7 2.9 2.9 2.8
Deviation
Coefficient of
_— 7.50% 1.31% 1.87% 2.04% 2.05% 1.99%
Variation
140-2 Lift 2
146.0
144.0
142.0 —|—
— - L
£ -+ 4+~ 4 L
S 1400 = —— FH
z oM
% 1380
: 7]
[}
(a]
136.0
134.0
132.0
Troxler  Troxler  Troxler  Troxler  Troxler —Troxler PQI301 PQI300 Corelok SSD SSD SSD SSD
3430#  3430# 3430#  3430# 3430# 3430# method A method A method A method C
38996 (4) 38996 (2) 38806 (4) 38806 (2) 35601 (4) 35601 (2) (before  (after  (APAO)
APAO)  APAO)
Averages and 95% Confidence Interval

Figure 5.15 — Comparison of densities and theifidence limits (95%) obtained from
the various tests performed on section 140-2 Lift 2
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Tables 5.15 and 5.16 summarize the density of dbiesare extracted from the
inner corner of the ‘L-shaped’ footprint and cotleat are extracted from the center of the
‘cross-shaped’ footprint. This is performed on ttop lift of the new pavement
construction project with the lifts below havingrsamix design. Table 5.15 includes the
data for the cores extracted from the ‘cross-shafoetprint and table 5.16 includes the
data for the cores extracted from the ‘L-shapedtgant. Note that each core testing
method’s result, in comparison to the remainingectesting methods’ results, is
consistent regardless of whether the core wasagttdrom the inner corner of the ‘L-
shaped footprint or whether it was extracted frdme tenter of the ‘cross-shaped’
footprint (for e.g., the CoreLok method averageasisvreads lower than the SSD method
A average and higher than the SSD method C averbiged also the exceptionally low
coefficient of variation (less than about 2% in mogses) indicating very low variance
about the average density of the 5 sample locationaddition, there was at most a 1.3

Ib/ft® difference in average density between various t&s#s’ measurements.

The Figures 5.16 and 5.17 comprise of bar chaaisdbmpare the nuclear gauge
measurements and core results (based on the ‘shagged’ footprint and the ‘L-shaped’
footprint on the new pavement construction projenting same mix design on all lifts)
based on the footprints as indicated in the comedimg tables 5.15 and 5.16. Here, note
that the averages of the nuclear gauges’ densityesavere about the same as those of
the core testing methods’ density values in moghefinstances. However, the density
measurements of the electromagnetic gauges’ memasuts were almost always lower

than those of the nuclear gauges’ measurements canel tests’ measurements.



Table 5.15 - Summarized data obtained from coréseed from the ‘cross-shaped’

footprint on lift 3 of project on OR 18

Nominal Density Density obtained from
Sample Location . . 3
. Thickness of | obtained AASHTO T 166 (Ib/ft”)
Location/ Intact from
Specimen ID Offset . (SSD (SSD
Station ‘ Sp?eumen CoreLoksBSG Method A) | Method C)
(ft) (inches) (Ib/ft) BSG BSG
18.3.11 90+89 9 2 148.3 148.7 147.3
18.3.13 98+85 8.6 2 149.8 150.2 148.9
18.3.15 103+62 1.7 2 148.4 149.3 148.8
18.3.17 109+44 3.8 2 151.4 151.8 150.5
18.3.19 113+73 5.1 2 154.9 155.2 154.2
Average 150.5 151.1 149.9
Standard
o 2.7 2.6 2.6
Deviation
Coefficient of
cte 1.82% 1.72% 1.75%
Variation
Cross-shaped footprint
156.0
155.0
154.0
&~ 1530 —
o
& 1520
é 151.0 +— —1
ﬁ 150.0 +—
21490 +— —
(7,]
C 1480 | —
Q
0O 1470 +—| —
146.0 +—— —
1450 +— —
144.0
Troxler 3430 Troxler 3430 Troxler 3430 Troxler 3430 CorelLok SSD Method SSD Method
#38806(4) #38806(2) #38994(4) #38994(2) A C
Average Densities and 95% confidence interval

95

Figure 5.16 — Comparisons of densities and thé¥ 8bnfidence level obtained from the
various tests performed on the core extracted fteicross-shaped’ footprint on Lift 3
of the project on OR 18



Table 5.16 - Summarized data obtained from cor&gseed from the ‘L-shaped’

footprint on lift 3 of project on OR 18

) . Density obtained from
Sample Location | Nominal Density AASHTO T 166 (1b/ft°
Location/ Thickness of | obtained (Ib/ft)
Specimen ID Intact from (%50 (SSD
Offset : Method A
Station ; Specimen |Corelok BSG BSG ) Method C)
(ft) (inches) (Ib/ft%) BSG
18.3.12 91+88 7.4 2 148.1 149.0 147.5
18.3.14 99+71 2 2 145.1 146.4 144.8
18.3.16 108+70 4.5 2 151.0 151.4 150.2
18.3.18 111453 3.3 2 151.3 151.9 151.0
18.3.20 113+94 4.9 2 154.2 154.9 153.5
Average 149.9 150.7 149.4
Standard
. 3.4 3.2 34
Deviation
Coefficient of
oo 2.30% 2.13% 2.25%
Variation
L-shaped footprint
156.0
155.0
154.0
o~ 153.0
& 1520
~
9 1510
= 150.0
(7]
D 1490
e
g, 148.0
o 470
0O 146.0
145.0
144.0
Troxler 3430 # Troxler 3430 # Corelok SSD Method A SSD Method C
38806 (2) 38994 (2)
Average Densities and 95% confidence interval
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Figure 5.17 — Comparisons of densities and thé 8bnfidence level obtained from the
various tests performed on the core extracted franiL-shaped’ footprint on Lift 3 of
the project on OR 18
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5.3.2 Theoretical Maximum Specific Gravity of LooséMix Samples

On the project with multiple lifts of same mix dgsj three samples were taken in
accordance with AASHTO T 168, and testing was peréa in accordance with
AASHTO T 209. These theoretical maximum specifiavifly values are contained in the
table 5.17 (this includes contractor’'s values t&inilarly, for the project with multiple
lifts of different mix design, the theoretical maim specific gravity values are
contained in table 5.18 (this does not include @mobr’s values). Finally, for the project
with mill and fill (inlay) with overlay, the theotieal maximum specific gravity values

are contained in table 5.19 (this includes contrdstvalues too).



Table 5.17 — Rice Gravity Data on OR 18 as obtafrad contractor and from OSU

Project Date Sample| OSU @n Results Contractor Gy
Results

OR 18 18-Aug 2008 a 2.609 2.582

OR 18 18-Aug 2008 b 2.600

OR 18 22-Aug 2008 a 2.575 2.576

OR 18 22-Aug 2008 b 2.588

OR 18 25-Aug 2008 c 2.592

OR 18 25-Aug 2008 a 2.577 2.5650

OR 18 25-Aug 2008 b 2.569

Table 5.18 — Rice Gravity Data on I-5 as obtaimedhfcontractor and from OSU

Project Date Sample| OSU G Results Contractor

Gmm Results
I-5 14-Aug 2009 a 2.540 N/A
I-5 14-Aug 2009 b 2.499 N/A
I-5 14-Aug 2009 c 2.503 N/A
I-5 14-Aug 2009 d 2.491 N/A
I-5 14-Aug 2009 a 2.486 N/A
I-5 14-Aug 2009 b 2.485 N/A
I-5 14-Aug 2009 C 2486 N/A
I-5 14-Aug 2009 d 2.480 N/A
I-5 14-Aug 2009 a 2.446 N/A
I-5 14-Aug 2009 b 2.432 N/A

Table 5.19 — Rice Gravity Data on OR 140 as obthfr@m contractor and from OSU

Project Date Sample| OSU Gnn Results Contractor
Gmm Results

OR 140 | 20-Aug 2008 a 2.459 2.445

OR 140 | 20-Aug 2008 b 2.475

OR 140 | 20-Aug 2008 C 2.465

OR 140 11-Sep 2008 a 2.452 2.452

OR 140 11-Sep 2008 b 2.457
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5.4 Summary
The common findings from the tables above can besarized as follows:

1. For any given testing method, the results are sterd (i.e., if the resultant values
of a particular are lesser that those of anothethoak that remains the same

throughout all the lifts for the given project).

2. Also the exceptionally low coefficient of variatiqitess than about 2% in most
cases) indicates very low variance about the aeedagsity of the 5 or 10 sample

locations.

3. In addition, there was at most a 3 Ibidifference (in most cases it was below 2
Ib/ft®) in average density between various core testsistrements considering all
the three projects tested.

4. It must be noted that the averages of the nucleages’ density values were about
the same as those of the core testing methods’itdevalues in most of the
instances (multiple lifts with different mix desige., I-5, mill and fill with overlay
i.e., OR 140, cores extracted from ‘L-shaped footp vs. ‘cross-shaped’
footprint). However, on the project with multiplétd having same mix design i.e.,
the OR 18 project, nuclear gauges’ readings ardlyngeater than corresponding

results from the various core tests.

5. The density measurements of the electromagnetigegumeasurements were
almost always lower than those of the nuclear gsiugeasurements and core tests’

measurements.
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6.0 DATAANALYSES

Based on the experiment design to answer the @semrestions (Section 3.1),
the densities were obtained on the selected psojesing nuclear and electromagnetic
gauges, and bulk specific gravities were obtaimedhfcores extracted from the same
locations as the gauge measurements as detaigtiions 3.2 and 3.3. The theoretical
maximum bulk specific gravities (AASHTO T 209) weatso obtained for each lift on
the above mentioned projects. The nuclear gaugéalkdspecific gravity measurement
procedures, other experiment details, and supmgpdeta are provided in Chapters 3
through 5.

Once the above mentioned data was recorded, staltiststs were performed on
the data to derive various conclusions. Pairedperuded t-tests were used to evaluate the
research questions. The statistical analysis proesdare provided in this chapter as are

the analyses details and results for each reseaiestion listed in Section 3.1.

6.1 Scope of Statistical Analysis

Firstly, paired t-tests were performed to compéaee densities obtained from the
various methods and devices on every given lifirtderstand how significantly different
they are from each other. It should be noted tmatulk specific gravities obtained from
the cores were converted to densities prior to npkhese comparisons. These initial
comparisons were made to determine if it is necgdsaobtain the ‘average difference’
between the densities from the various tests oascand the densities from the various
gauges in the first place. In other words, we warite determine if it is necessary to
adjust the average of measurements from nucleayegao the average of measurements
obtained from cores to obtain a more accurate augauge density. This is referred to
as the nuclear gauge calibration factor by ODOTreH# was termed as the ‘average

difference’ or ‘adjustment factor’.

Secondly, pooled t-tests were performed to comffa@eaverage differences in

densities (from cores and nuclear gauges) betwsmsessive lifts of HMA pavement and
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between two different core extraction locationshmitthe nuclear gauge footprint. More
specifically, the first, second, and third reseagabstions were postulated to determine if
the ‘average differences’ should be determined betwcore readings and nuclear gauge
readings on each lift of hot mix asphalt for vasaonstruction scenarios (e.g., Ssame mix
design for multiple lifts, different mix designsrfmdividual lifts, and mill and inlay with
overlay). While the first research question addrsssew pavement construction with
same mix design, the second research question ssgdrenew pavement construction
with different mix designs, and the third researgkestion addresses mill and inlay
projects with an overlay having the same mix desigrthe inlay. The fourth research
guestion was proposed to determine if there ig@ifstant difference (at 95% confidence
level) in average differences between densitiesainbtl from cores and densities
obtained from nuclear gauges when comparing aexdracted from the corner of an ‘L-
shaped’ footprint to a core extracted from the eeof the ‘cross-shaped’ footprint on a

particular lift (see Section 3.2).

Additional research was performed by taking densigasurements with
electromagnetic gauges. The same research questiogr® also applied to
electromagnetic gauges such that electromagnetigegawere used instead of nuclear
gauges to verify the necessity of obtaining avermdifferences (between densities from

tests on cores and densities from electromagnatiges) on individual lifts.

6.2 Paired t-tests to compare the methods of meagments on a given lift

This section presents the methodology and resultsstatistical analyses
conducted to determine if it is necessary to cateedensities obtained from nuclear

gauges with those obtained from cores.

6.2.1 Methodology

Paired t-tests were conducted to determine if ifferdnces in average densities
between the two methods of measurements (i.es tastcores versus nuclear gauge
measurements) were equal to zero for a givenAlil, non-zero differences found would
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provide evidence to suggest the need for obtaiam¢average difference’ between core
and nuclear gauge densities on the given lift. ‘Berage difference’ value can be used
to adjust density values obtained from a particulaclear gauge on a particular
pavement lift to coincide with the average densityained from cores on the same lift.
Further, the next part of this research (secti@) Bvolves answering research questions
which were aimed at understanding if this ‘averatjgéerence’ value (between the
densities from a particular testing method on ce@med a particular gauge) obtained on
the given lift can be used on other lifts.

More specifically, for a given set of measuremeoigained from cores and
nuclear gauges for a particular lift of HMA pavemethe differences between
measurements were determined for each specificidocavithin the lift and the average
and standard deviation of the differences wereutatled following the procedure as
specified in WAQTC TM8 (55). The average and stadddeviation of the differences
were then utilized in the paired t-test to detemnirthe differences were equal to zero at

a specified confidence level. Thus, the hypotheselstest statistic were as follows:
Hypotheses:

* g = difference between the true mean density optheement lift when

determined by measurements on cores and by nugdege measurements

* Null hypothesis, it g = 0 (i.e., no difference between determinationgheftrue

mean density)

» Alternate hypothesis, Hug # O (i.e., difference between determinations of the

true mean density)
Test statistic:

(= Xa=0_ X,

s/ivn  g+/n

Where:
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t= Paired t-statistic

X
1

Estimate of the difference between the true meansity of the

pavement lift when determined by measurements aescand by
nuclear gauge measurements (i.e., mean of diffesebetween core

densities and nuclear gauge densities)
s = Standard deviation of the differences
n=  Number of paired observations

The nature of the alternate hypothesis)(Hnplies that a two-tailed rejection
region should be used, meaning that the differencéd be positive or negative. That is,
the two-tailed t-test correctly accounts for thesgbility that the mean density
determined from nuclear gauge measurements couksbeahan or greater than the mean
density determined from cores. The t-test was gotadl using a confidence level of
95% (significance leved = 0.05, or 5%). Figure 6.1a illustrates a rethdit would not
allow rejection of the null hypothesis at a 95% fatence level. That is, the 95%
confidence interval centered about the mean diffsgebtained from test results captures
the value of zero indicating there is insufficiawidence to suggest a difference in the
true mean pavement lift density, as determinedhieytivo methods being compared, at
this confidence level. Conversely, Figure 6.llisltates a result that would allow
rejection of the null hypothesis (i.e., the valdeero falls outside of the 95% confidence

interval).
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0.025 = 2.5% 0.025 = 2.5%

" 950 confidence interval I
centered about X

a) Fail to reject null hypothesis

0.025 =2.5% 0.025 =2.5%

Hy =0

&

" 95% confidence interval !
centered about X,

b) Reject the null hypothesis

Figure 6.1 — lllustration of interpretation of pedrt-test results.

Another result that can be derived from the t-issteferred to as the p-value,
which indicates the smallest level of significarfbeghest level of confidence) at which
the null hypothesis (§) can be rejected. Figure 6.2 illustrates thatpdwvalue is the sum
of the shaded areas under the curve for a twodtdaédst. Figure 6.2a illustrates the p-
value corresponding to the scenario shown in Figute (where the result indicated that
the null hypothesis could not be rejected at th& I®nfidence level). In comparing
Figure 6.2a to Figure 6.1a, it can be seen thapthalue is greater in Figure 6.2a (i.e.,

the p-value in Figure 6.2a is greater than the ifsoggmce level in Figure 6.1a).
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Conversely, Figure 6.2b illustrates the p-valueresponding to the scenario shown in
Figure 6.1b. In this case the p-value in Figu2bds less than the significance level in
Figure 6.1b, indicating that the null hypothesigagected at the 95% confidence level
(5% significance level). In either case, the paeatan be used to determine whether or

not the null hypothesis can be rejected as follows:

* p-value< a — reject K at levela

» p-value >0 — do not reject Hat levela

(1 - p-value) x 100%
confidence interval
centered about X,

1 p-value

Hy =0 X4

" 959% confidence interval :
centered about X

a) Hy not rejected

(1 - p-value) x 100%
confidence interval
centered about X,

1 |
¥ p-value | \ "l Y p-value

|
1
X, |

Hy =0 ’

" 95% confidence interval '
centered about X,

b) Ho rejected

Figure 6.2 — Interpretation of the p-value obtaifredh the paired t-test.
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In addition, when the null hypothesis is rejectid, p-value indicates the strength
of the evidence againstoHwith lower values indicating greater strengthsewidence.
For example, a p-value of 0.01, which is much lotn a 0.05 (i.e., 5%) significance
level (95% confidence level), indicates that th@&erce is very strong against the null

hypothesis. A p-value of 0.001 indicates the ewvidels extremely strong againsg.H

6.2.2 Results

The tables contained in this section summarizedhelts of paired t-tests utilized
to determine whether or not the null hypothesiseath comparison (i.e., mean of
differences between core densities and nuclear egaegsities equal to zero) can be
rejected at the 95% confidence level (5% signifazatevel). Cells highlighted in yellow
indicate that the null hypothesis can be rejecies, (sufficient evidence at the 95%
confidence level to indicate that the differencéntsen core densities and nuclear gauge
densities is not zero), whereas cells highlightedreen indicate that the null hypothesis

cannot be rejected.

The values listed in the tables represent the pegabbtained from the paired t-
tests, with values less than 0.05 indicating thatrtull hypothesis can be rejected at a 5%
significance level (95% confidence level). Valuasich less than 0.05 indicate very
strong evidence in support of rejecting. HP-values greater than 0.05 indicate that the
null hypothesis cannot be rejected at the 5% saamte level, and can be used to
determine the highest confidence level at whighceéh be rejected by subtracting the p-

value from unity and multiplying by 100% as illueed in Figure 6.2.

6.2.2.1 OR 18 Project

Recall from Section 3.3.1 that the base coursegalbis project was constructed
in three lifts, all having the same mix design. eTresults presented in this section were
derived from density measurements within each ef tthree lifts, not between lifts.
Again, the purpose of the comparisons was to deternf there were significant

differences between the various measurement metmatidevices.
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Table 6.1 presents the results of comparisons n§ilemeasurement methods
and devices used to determine the density of tee(bottom) lift placed along the OR 18
project. For this set of comparisons, the nucbgawrge was in direct contact with the
paving lift from which the cores were obtained.eTsults indicate that there was strong
evidence to suggest no significant differencesa(8% confidence level) between the
CoreLok method for determining the density of cawad both of the saturated, surface-
dry (SSD) methods; but there was significant défere between the densities from the
saturated surface-dry method A and those from atdrsurface-dry method C. The
results also provide strong evidence to suggesifgignt differences between densities
derived from cores using the CoreLok device andsifies measured using nuclear
gauges. Similarly, there is strong evidence togest significant differences between
densities obtained from cores using the SSD metlaods densities measured using

nuclear gauges in all but two of the 18 comparisons

The results in Table 6.1 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no feigni differences between the average
densities derived from 2 readings versus 4 readifogsall three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings (e.g., the average density derived fragadings from one nuclear gauge versus
the average derived from 2 readings from anothetean gauge), the results indicate
strong evidence to suggest significant differenetwvieen gauges in 4 of the 6 possible

comparisons.
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Table 6.1 — p-values from the paired t-tests compahe results obtained from the various methddeeasurement on the bottom
lift (18-1) of the project having multiple lifts wi the same mix design (OR 18)

SSD Method [ SSD Method $SD method Troxler 3430 4 Troxler 3430 -{ Troxler 3430 { Troxler 3430 { Troxler 3440 -{ Troxler 3440
A (before A (after C 38804 38804 38806 38806 25714 25714
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings)
Corelok 0.0532 | 0.1547 | 0.7168 | 0.0030 | 0.0014 | 0.0001 | 0.0001 | 0.0285 | 0.0275
SSD Method
A (before 0.0005 | 0.0000 | 0.0089 | 0.0038 | 0.0011 | 0.0021 | 0.1863 | 0.3599
APAO)
SSD Method
A (after 0.0000 | 0.0026 | 0.0013 | 0.0006 | 0.0011 | 0.0080 | 0.0391
APAOQ)
35D method 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0004
Troxler 3430 -
38804 0.3648 | 0.2206 | 0.1965 | 0.0070 | 0.0056
(4 reading)
Troxler 3430 A
38804 0.3151 | 0.3001 | 0.0014 | 0.0011
(2 reading)
Troxler 3430 -
38806 0.9345 | 0.0012 | 0.0006
(4 reading)
Troxler 3430 A
38806 0.0017 | 0.0006
(2 reading)
Troxler 3440 -
25714 0.7825
(4 reading)




109

Table 6.2 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of tts¢ fbottom) lift of the composite
pavement (comprised of first and second lifts) ethalong the OR 18 project. For this
set of comparisons, the nuclear gauge was not rectdicontact with the lift being
evaluated; it was in contact with the second (nayldlift. The results indicate that there
was strong evidence to suggest no significant idiffees (at a 95% confidence level)
between the CoreLok method for determining the itheredf cores and the saturated
surface-dry (SSD) method A but not method C. Albere was significant difference
between the densities from saturated, surface-cdethod A and those from saturated,
surface-dry method C. The results also providenstrevidence to suggest significant
differences between densities derived from cor@syute CoreLok device and densities
measured using nuclear gauges in 4 of 6 comparissmsilarly, there is strong evidence
to suggest significant differences between derssiigtained from cores using the SSD
methods and densities measured using nuclear gaugésof 24 comparisons. However,
the results provide strong evidence to suggestigwifisant differences between the
densities derived from any of the tests on coresthe densities measured from either of

the PQI electromagnetic gauges.

The results in Table 6.2 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the formase, the results provide strong
evidence to suggest no significant differences betwthe average densities derived from
2 readings versus 4 readings for all three nudjgalges compared. When comparing
results between nuclear gauges for a given numtreadings, the results indicate strong
evidence to suggest significant difference betwgaarges in all six possible comparisons.
The results also indicate that there is strongexwd to suggest significant differences
between the densities measured from the nucleayegaand the densities measured from

the electromagnetic gauges.
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Table 6.2 — p-values from the paired t-tests compahe results obtained from the various methddeeasurement on the bottom
lift section (18-2 Lift 1) of the composite pavemécomprised of bottom and middle lifts) of the jea having multiple lifts with the
same mix design (OR 18)

$SD Method | SSD Method Troxler 3440 { Troxler 3440 { Troxler 3430 { Troxler 3430 { Troxler 3440 { Troxler 3440
Albefore | A (after S?:":g"d SSD"‘:‘}W 30860 30860 38806 38806 25714 25714 Pdm 301- P?‘ 300- | PQ! 300-
APAO) APAO) (APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) | %" ensity | moisture
Corelok 0.1976 | 0.1803 | 0.4053 | 0.0056 | 0.0041 | 0.0038 | 0.0159 | 0.0270 | 0.1381 | 0.1219 | 0.6727 | 0.3845
SSD Method
Aloefore 0.0006 | 0.0067 | 0.0000 | 0.0051 | 0.0045 | 0.0246 | 0.0405 | 0.2585 | 0.2185 | 0.1878 | 0.0609
APAO)
SSD Method
A (after 0.0063 | 0.0000 | 0.0012 | 0.0009 | 0.0039 | 0.0068 | 0.0429 | 0.0393 | 0.7771 | 0.9345
APAO)
oy 0.0000 | 0.0020 | 0.0017 | 0.0067 | 0.0117 | 0.0679 | 0.0606 | 0.9918 | 0.6491
$D m:thOd 0.0004 | 0.0003 | 0.0010 | 0.0018 | 0.0105 | 0.0102 | 0.1794 | 0.2002
Troxler 3440
30860 0.1542 | 0.0023 | 0.0057 | 0.0000 | 0.0003 | 0.0000 | 0.0000
(4 reading)
Troxler 3440
30860 0.0096 | 0.0183 | 0.0003 | 0.0026 | 0.0000 | 0.0000
(2 reading)
Troxler 3430
38806 0.1943 | 0.0003 | 0.0083 | 0.0000 | 0.0001
(4 reading)
Troxler 3430
38806 0.0030 | 0.0390 | 0.0001 | 0.0002
(2 reading)
Troxler 3440
25714 0.0791 | 0.0016 | 0.0022
(4 reading)
Troxler 3440
25714 0.0016 | 0.0020
(2 reading)
PQI301-
density 0.3057
PQI301-
moiture 0.0000
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Table 6.3 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of thense(middle) lift of the composite
pavement (comprised of first and second lifts) ethalong the OR 18 project. For this
set of comparisons, the nuclear gauge was in doectact with the paving lift being
evaluated. The results indicate that there wamgtevidence to suggest no significant
differences (at a 95% confidence level) betweendbeeLok method for determining the
density of cores and the saturated, surface-drip}®®ethod A but not method C. Also,
there was significant difference between the dassftom saturated, surface-dry method
A and those from saturated, surface-dry method Kk fesults also provide strong
evidence to suggest significant differences betwademsities derived from cores using
the CoreLok device and densities measured usinteamugauges. Similarly, there is
strong evidence to suggest no significant diffeesnbetween densities obtained from
cores using the SSD methods and densities measaineg nuclear gauges in all of the
comparisons. However, the results provide stronigleexe to suggest no significant
differences between the densities derived fromd e tests on cores and the densities
measured from either of the PQI electromagnetiggau

The results in Table 6.3 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the forrase, the results provide strong
evidence to suggest no significant differences betwthe average densities derived from
2 readings versus 4 readings for all three nudjgalges compared. When comparing
results between nuclear gauges for a given numbegaalings, the results indicate that
strong evidence to suggest significant differeneewvken gauges in all of the possible
comparisons. The results also indicate that thestrong evidence to suggest significant
differences between the densities measured frorntiveear gauges and the densities

measured from the electromagnetic gauges.
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Table 6.3 — p-values from the paired t-tests compahe results obtained from the various methddaeasurement on the middle
lift section (18-2 Lift 2) of the composite paveméromprised of bottom and middle lifts) of the jea having multiple lifts with the
same mix design (OR 18)

SSD Method | SSD Method 5D Method | $SD method Troxler 3440 { Troxler 3440 { Troxler 3430 - Troxler 3430 { Troxler 3440 { Troxler 3440 | PQI301 - PQI 300- PQI 300-
A (before A (after A (APAO) c 30860 30860 38806 38806 25714 25714 densi densit st
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) | “™ ensiy. | mosture
Corelok 0.0611 | 0.3305 | 0.2630 | 0.0598 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.2286 | 0.5012
SSD Method
A (before 0.2585 | 0.4077 | 0.0430 | 0.0001 | 0.0001 | 0.0003 | 0.0013 | 0.0081 | 0.0053 | 0.5002 | 0.1908
APAO)
SSD Method
A (after 0.4370 | 0.0004 | 0.0000  0.0000 [ 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.7442 | 0.7005
APAO)
SSD Method
A (APAO) 0.0027 | 0.0000 | 0.0000 [ 0.0001 | 0.0002 | 0.0002 | 0.0001 | 0.9181 | 0.6011
SSD method
c 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1127 | 0.3548
Troxler 3440
30860 0.1542 | 0.0023 | 0.0057 | 0.0000 | 0.0003 | 0.0000 | 0.0000
(4 reading)
Troxler 3440
30860 0.0096 | 0.0183 | 0.0003 | 0.0026 | 0.0000 | 0.0000
(2 reading)
Troxler 3430
38806 0.1943 | 0.0003 | 0.0083 | 0.0000 | 0.0001
(4 reading)
Troxler 3430
38806 0.0030 | 0.0390 | 0.0001 | 0.0002
(2 reading)
Troxler 3440
25714 0.0791 | 0.0016 | 0.0022
(4 reading)
Troxler 3440
25714 0.0016 | 0.0020
(2 reading)
PQI 301 -
density 0.3057
PQI 301 -
moiture 0.0000




113

Table 6.4 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of thepogite pavement (comprised of first
and second lifts) placed along the OR 18 projé&ait this set of comparisons, the nuclear
gauge was in direct contact with the paving lifingeevaluated. The results indicate that
there was strong evidence to suggest no signifidéférences (at a 95% confidence
level) between the CoreLok method for determinihg tdensity of cores and the
saturated, surface-dry (SSD) method A. The resalks provide strong evidence to
suggest significant differences between densiteasved from cores using the CorelLok
device and densities measured using nuclear gaugiesilarly, there is strong evidence
to suggest significant differences between derssiigtained from cores using the SSD
methods and densities measured using nuclear gatigesever, the results provide
strong evidence to suggest no significant diffeesnisetween the densities derived from
any of the tests on cores and the densities meahsfimm either of the PQI

electromagnetic gauges.

The results in Table 6.4 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the forase, the results provide strong
evidence to suggest no significant differences betwthe average densities derived from
2 readings versus 4 readings for all three nuadeaiges compared. When comparing
results between nuclear gauges for a given numbezaalings, the results indicate that
there is strong evidence to suggest significarfedihce between gauges in 4 of the 6
possible comparisons. The results also indicatettieae is strong evidence to suggest
significant differences between the densities meaksirom the nuclear gauges and the
densities measured from the electromagnetic gatgeslly, the densities from the PQI
300 and PQI 301 electromagnetic gauges are signific different from each other at

95% confidence level.
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Table 6.4 — p-values from the paired t-tests compahe results obtained from the various methddseasurement on the
composite pavement (18-2 uncut; i.e., comprisdabttom and middle lifts) of the project having nipik lifts with the same mix
design (OR 18)

moiture

SSD Method | Troxler 3440 4 Troxler 3440 - Troxler 3430 - Troxler 3430 { Troxler 3440 -{ Troxler 3440 PQI 301 - PQI 300 - PQI300-
A (before 30860 30860 38806 38806 25714 25714 densit densit moisture
APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) v v
CoreLok 0.3333 [ 0.0000 | 0.0000 | 0.0000 | 0.0001 | 0.0036 | 0.0045 | 0.6834 | 0.3500
SSD Method
A (before 0.0000 | 0.0000 | 0.0000 | 0.0002 | 0.0068 | 0.0068 | 0.3205 | 0.0723
APAO)
Troxler 3440
30860 0.1542 | 0.0023 | 0.0057 | 0.0000 | 0.0003 | 0.0000 | 0.0000
(4 reading)
Troxler 3440
30860 0.0096 | 0.0183 | 0.0003 | 0.0026 | 0.0000 | 0.0000
(2 reading)
Troxler 3430
38806 0.1943 | 0.0003 | 0.0083 | 0.0000 | 0.0001
(4 reading)
Troxler 3430
38806 0.0030 | 0.0390 | 0.0001 | 0.0002
(2 reading)
Troxler 3440
25714 0.0791 | 0.0016 | 0.0022
(4 reading)
Troxler 3440
25714 0.0016 | 0.0020
(2 reading)
PQI 301 -
density 0.3057
PQI 301 - 0.0000
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Table 6.5 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of tts¢ fbottom) lift of the composite
pavement (comprised of first, second, and thitd)liplaced along the OR 18 project. For
this set of comparisons, the nuclear gauge wasnndirect contact with the paving lift
being evaluated; it was in contact with the thiimpj lift. The results indicate that there
was strong evidence to suggest no significant idiffees (at a 95% confidence level)
between the CoreLok method for determining the itheredf cores and the saturated
surface-dry (SSD) method A and not method C. Alke, densities from the saturated,
surface-dry method A was significantly differendrfr those of method C. The results
also provide strong evidence to suggest no sigmifiadifferences between densities
derived from cores using the CoreLok device andsifies measured using nuclear
gauges. Similarly, there is strong evidence tagsagno significant differences between
densities obtained from cores using the SSD metlaods densities measured using
nuclear gauges in all but 6 of the 24 comparisétfwvever, the results provide strong
evidence to suggest no significant differences betwthe densities derived from any of
the tests on cores and the densities measuredtfi@fQIl 301 electromagnetic gauge (in
un-sanded condition) and the PQI 300 electromagugetiige (in sanded condition).

The results in Table 6.5 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the formase, the results provide strong
evidence to suggest no significant differences betwthe average densities derived from
2 readings versus 4 readings for all three nudjgaiges compared. When comparing
results between nuclear gauges for a given numbezaalings, the results indicate that
strong evidence to suggest significant differenetwvken gauges in 5 of the 6 possible
comparisons. The results also indicate that thestrong evidence to suggest significant
differences between the densities measured frormticéear gauges and the densities

measured from the electromagnetic gauges.
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Table 6.5 also provides information regarding thfeecences between densities
measured using PQI 300 and the PQI 301 electroniagyeuge, the influence of sand
on the measurements from the two electromagnetigesm and the difference between
the moisture measurements between the two gauges. density and moisture
measurements from the PQI 300 electromagnetic gaege significantly different from
those of the PQI 301 electromagnetic gauge at 9%#tfidence level. Another
observation is that the density and moisture measents made using the PQI 301 in the
sanded condition were not significantly differenorh the density and moisture
measurements made using the PQI 301 in the un-damhelition. However, for the PQI
300, the density and moisture measurements diffesigdificantly between sanded

condition and un-sanded condition.
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Table 6.5 — p-values from the paired t-tests compahe results obtained from the various methddeeasurement on the bottom
lift (18-3 Lift 1) of the composite pavement (corngad of bottom , middle, and top lifts) of the @aj having multiple lifts with the
same mix design (OR 18)

SSD Method | SSD Method [ oo f oo ibog | TrOXler 3440 { Troxler 3440 { Troxler 3430 { Troxler 3430 { Troxler 3440 [ Troxler 3440 | PQI301 | PQI 301 (no | PQI 301 (no | PQI 300 PQI300 | PQI300 (no | PQI300 (no
Albefore | Afafter | =0 i 30860 30860 38806 38806 | Plus-39525 | Plus-39525 |  (sand)- sand) - sand) - (sand) - (sand) - sand) - sand) -
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) | density density moisture density moiture density moisture

Coretok [ 0.1403 | 0.0455 | 0.2139 | 0.0054 | 0.5827 | 0.5662 | 0.3407 | 0.4967 | 0.0697 | 0.0766 | 0.0388 | 0.1129 0.0607 0.0408

5SD Method

A (before 0.0109 | 0.0803 | 0.0024 | 0.3119 | 0.3147 | 0.1584 | 0.2612 | 0.0756 | 0.0842 | 0.0119 | 0.0413 0.0204 0.0127
APAO)

5SD Method

A (after 0.1221 | 0.0010 | 0.2062 | 0.2177 | 0.0617 | 0.1831 | 0.0026 | 0.0043 | 0.0018 | 0.0055 0.0032 0.0014
APAO)

o 0.0002 | 0.1671 | 0.1719 | 0.0627 | 0.1492 | 0.0127 | 0.0181 | 0.0019 | 0.0067 0.0034 0.0020

$5Dmethod 0.7659 | 0.8902 | 0.6559 | 0.9763 | 0.0008 | 0.0013 | 0.0184 | 0.0496 0.0332 0.0102

Troxler 3440
30860 0.7270 | 0.0386 | 0.5429 | 0.0000 | 0.0000 | 0.0010 | 0.0022 0.0023 0.0003

(4 reading)

Troxler 3440

30860 0.1514 | 0.7075 | 0.0000 | 0.0000 | 0.0018 | 0.0048 0.0041 0.0011

(2 reading)

Troxler 3430

38806 0.2169 | 0.0000 | 0.0000 | 0.0102 | 0.0099 0.0203 0.0018

(4 reading)

Troxler 3430

38806 0.0001 | 0.0001 | 0.0054 | 0.0018 0.0101 0.0006
(2 reading)

Troxler 3440

Plus - 39525 0.6339 | 0.0000 | 0.0000 0.0000 0.0000

(4 reading)

Troxler 3440

Plus - 39525 0.0000 | 0.0000 0.0000 0.0000
(2 reading)

PQI 301
(sand) - 0.2163 0.0018 0.0003

density

PQI301
(sand) - 0.0558 0.0000 0.0000

moiture

PQI 301 (no
sand) - 0.0365 0.0010

density

PQI 301 (no
sand) - 0.0000 0.0000

moisture

PQI 300
(sand) - 0.0001

density

PQI 300
(sand) - 0.0101

moiture
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Table 6.6 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of thenske(middle) lift of the composite
pavement (comprised of first, second, and thitd)liplaced along the OR 18 project. For
this set of comparisons, the nuclear gauge wasnndirect contact with the paving lift
from which the core slices were obtained; it wasontact with the third (top) lift. The
results indicate that there was strong evidensaiigest significant differences (at a 95%
confidence level) between the CoreLok method fdemheining the density of cores and
both of the saturated, surface-dry (SSD) method$e results also provide strong
evidence to suggest significant differences betwademsities derived from cores using
the CoreLok device and densities measured usinteaugauges. Similarly, there is
strong evidence to suggest significant differenoetsveen densities obtained from cores
using the SSD methods and densities measured usicigar gauges in 16 of the 24
comparisons. However, the results provide stronigleexe to suggest no significant
differences between the densities derived fromdadrthe tests on cores and the densities

measured using the electromagnetic gauges.

The results in Table 6.6 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the forase, the results provide strong
evidence to suggest no significant differences betwthe average densities derived from
2 readings versus 4 readings for all three nudeaiges compared. When comparing
results between nuclear gauges for a given numbegaalings, the results indicate that
there was strong evidence to suggest significdfeérdnce between gauges in 5 of the 6
possible comparisons. The results also indicatettieae is strong evidence to suggest
significant differences between the densities meaksirom the nuclear gauges and the
densities measured from the electromagnetic gauges.

Table 6.6 also provides information regarding tliféeences between densities
measured using PQI 300 and the PQI 301 electrontiagyeuge, the influence of sand

on the measurements from the two electromagnetigesg and the difference between
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the moisture measurements between the two gaudes.dénsities and the moisture
measurements from the PQI 300 electromagnetic gaege significantly different from
those of the PQI 301 electromagnetic gauge at 9%#tfidence level. Another
observation is that the density and moisture measents made using the PQI 301 in the
sanded condition were not significantly differemorh the density and moisture
measurements made using the same gauge in thendeesaondition. However, for the
PQI 300, the density and moisture measurements amdesl condition differed
significantly from those in un-sanded condition.
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Table 6.6 — p-values from the paired t-tests compahe results obtained from the various methddaeasurement on the middle
lift (18-3 Lift 2) of the composite pavement (congad of bottom , middle, and top lifts) of the @aj having multiple lifts with the
same mix design (OR 18)

SSD Method | SSD Method [ oo f oo ibog | TrOXler 3440 { Troxler 3440 { Troxler 3430 { Troxler 3430 { Troxler 3440 [ Troxler 3440 | PQI301 | PQI 301 (no | PQI 301 (no | PQI 300 PQI300 | PQI300 (no | PQI300 (no
Albefore | Afafter | =0 i 30860 30860 38806 38806 | Plus-39525 | Plus-39525 |  (sand)- sand) - sand) - (sand) - (sand) - sand) - sand) -
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) | density density moisture density moiture density moisture

Coretok [ 0.0000 | 0.0062 | 0.0053 | 0.0427 | 0.0124 | 0.0109 | 0.0316 | 0.0260 | 0.0002 | 0.0002 | 0.4851 | 0.8302 0.3120 0.5910

5SD Method

A (before 0.0008 | 0.0118 | 0.0000 | 0.0988 | 0.0956 | 0.2348 | 0.1755 | 0.0007 | 0.0006 | 0.4191 | 0.3161 0.6365 0.0902
APAO)

5SD Method

A (after 0.0818 | 0.0000 | 0.0365 | 0.0333 [ 0.0868 | 0.0693 | 0.0005 | 0.0004 | 0.9112 | 0.7914 0.6771 0.3284
APAO)

o 0.0000 | 0.0469 | 0.0437 | 0.1161 | 0.0892 | 0.0005 | 0.0004 | 0.8801 | 0.6042 0.8608 0.2076

$5Dmethod 0.0075 | 0.0063 | 0.0187 | 0.0156 | 0.0001 | 0.0001 | 0.2595 | 0.5515 0.1639 0.8871

Troxler 3440
30860 0.7270 | 0.0386 | 0.5429 | 0.0000 | 0.0000 | 0.0010 | 0.0022 0.0023 0.0003

(4 reading)

Troxler 3440

30860 0.1514 | 0.7075 | 0.0000 | 0.0000 | 0.0018 | 0.0048 0.0041 0.0011

(2 reading)

Troxler 3430

38806 0.2169 | 0.0000 | 0.0000 | 0.0102 | 0.0099 0.0203 0.0018

(4 reading)

Troxler 3430

38806 0.0001 | 0.0001 | 0.0054 | 0.0018 0.0101 0.0006
(2 reading)

Troxler 3440

Plus - 39525 0.6339 | 0.0000 | 0.0000 0.0000 0.0000

(4 reading)

Troxler 3440

Plus - 39525 0.0000 | 0.0000 0.0000 0.0000
(2 reading)

PQI 301
(sand) - 0.2163 0.0018 0.0003

density

PQI301
(sand) - 0.0558 0.0000 0.0000

moiture

PQI 301 (no
sand) - 0.0365 0.0010

density

PQI 301 (no
sand) - 0.0000 0.0000

moisture

PQI 300
(sand) - 0.0001

density

PQI 300
(sand) - 0.0101

moiture
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Table 6.7 presents the results of comparisons n§ilemeasurement methods
and devices used to determine the density of tlvel tftop) lift of the composite
pavement (comprised of first, second, and thitd)liplaced along the OR 18 project. For
this set of comparisons, the nuclear gauge wag@ctdcontact with the paving lift from
which the core slices were obtained. The resotigcate that there was strong evidence
to suggest no significant differences (at a 95%fidence level) between the CorelLok
method for determining the density of cores andhlwdtthe saturated, surface-dry (SSD)
methods; however, there was significant differeletween the densities from the
saturated, surface-dry method A and those from odet®. The results also provide
strong evidence to suggest significant differenoesveen densities derived from cores
using the CoreLok device and densities measuredjusiclear gauges. Similarly, there
is strong evidence to suggest no significant déifiees between densities obtained from
cores using the SSD methods and densities meassiregl nuclear gauges. However, the
results provide strong evidence to suggest nofiigni differences between the densities
derived from any of the tests on cores and the itlemsmeasured using the
electromagnetic gauges.

The results in Table 6.7 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the formase, the results provide strong
evidence to suggest there existed significant diffees between the average densities
derived from 2 readings versus 4 readings forhaté nuclear gauges compared. When
comparing results between nuclear gauges for angivenber of readings, the results
indicate that strong evidence to suggest no st difference between gauges in 5 of
the 6 possible comparisons. The results also itelitaat there is strong evidence to
suggest significant differences between the dessitmeasured from the nuclear gauges

and the densities measured from the electromaggatiges.

Table 6.7 also provides information regarding thfeecences between densities

measured using PQI 300 and the PQI 301 electroniagyeuge, the influence of sand
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on the measurements from the two electromagnetigesg and the difference between
the moisture measurements between the two gaudes.dénsities and the moisture
measurements from the PQI 300 electromagnetic gaege significantly different from
those of the PQI 301 electromagnetic gauge at 9%#tfidence level. Another
observation is that the density and moisture measeints made using the PQI 301 in the
sanded condition were not significantly differemorh the density and moisture
measurements made using the same gauge in thendeesaondition. However, for the
PQI 300 electromagnetic gauge, the density and tareismeasurements in sanded

condition differed significantly from those in uarsled condition.
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Table 6.7 — p-values from the paired t-tests compahe results obtained from the various methddaeasurement on the top lift
(18-3 Lift 3) of the composite pavement (compriséthottom , middle, and top lifts) of the proje@vng multiple lifts with the same
mix design (OR 18)

SSD Method | SSD Method 55D Method | SSD method Troxler 3440 { Troxler 3440 { Troxler 3430 { Troxler 3430 { Troxler 3440 | Troxler 3440 |  PQI 301 PQI 301 (no | PQJ 301 (no PQl 300 PQl 300 PQI 300 (no | PQI 300 (no
A (before A(after A (APAO) c 30860 30860 38806 38806 Plus - 39525 | Plus - 39525 (sand) - sand) - sand) - (sand) - (sand) - sand) - sand) -
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) density density moisture density moiture density moisture

corelok | 0.0005 | 0.5046 | 0.5586 | 0.0631 | 0.0000 | 0.0002 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.5777 | 0.0501 02583 04411

SSD Method

Afoefore 0.0009 | 0.0213 | 0.0000 | 0.0000 | 0.0007 | 0.0007 | 0.0002 | 0.0000 | 0.0000 | 0.1906 | 0.1890 0.4805 0.0012

APAO)

SSD Method

A after 0.7445 | 0.0000 | 0.0000 | 0.0002 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.7583 | 0.0898 03693 01740

APAO)

oy 0.0036 | 0.0000 | 0.0002 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.8390 | 0.3606 0.4625 02365

sspmethod 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.2193 | 0.0039 0.0800 0.8107

Troxler 3440

20860 07270 | 0.0386 | 05429 | 0.0000 | 0.0000 | 0.0010 | 0.0022 0.0023 0.0003

(4 reading)

Troxler 3440

30860 01514 | 0.7075 | 0.0000 | 0.0000 | 0.0018 | 0.0048 0.0041 0.0011

(2 reading)

Troxler 3430

38806 02169 | 0.0000 | 0.0000 | 0.0102 | 0.0099 0.0203 0.0018

(4 reading)

Troxler 3430

38806 0.0001 | 0.0001 | 0.0054 | 0.0018 0.0101 0.0006

(2 reading)

Troxler 3440

Plus - 39525 06339 | 0.0000 | 0.0000 0.0000 0.0000

(4 reading)

Troxler 3440

Plus - 39525 0.0000 | 0.0000 0.0000 0.0000

(2 reading)

Pal 301

(sand)- 02163 0.0018 0.0003

density

Pal 301

(sanc) - 0.0558 0.0000 0.0000

moture

PQI 301 (no

sond) - 0.0365 0.0010

density

PQI 301 (no

sand)- 0.0000 0.0000

moisture

Pal 300

(sand) - 0.0001

density

Pal 300

(sand) - 0.0101

moture
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Table 6.8 presents the results of comparisons nsifemeasurement methods
and devices used to determine the density of thgosite pavement (comprised of first,
second, and third lifts) placed along the OR 18quto For this set of comparisons, the
nuclear gauge was in direct contact with the paviftgrom which the core slices were
obtained. The results indicate that there wasgt®vidence to suggest no significant
differences (at a 95% confidence level) betweendbeLok method for determining the
density of cores and the saturated surface-dry {$&&hod A. The results also provide
strong evidence to suggest no significant diffeesnbetween densities derived from
cores using the CorelLok device and densities medsusing nuclear gauges in 4 of 6
possible comparisons. However, there is strongdesde to suggest significant
differences between densities obtained from cosasguhe SSD methods and densities
measured using nuclear gauges. Also, the reswigdar strong evidence to suggest no
significant differences between the densities @etifrom any of the tests on cores and

the densities measured using the electromagnaiigega

The results in Table 6.8 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between nuclear gauges. For the forase, the results provide strong
evidence to suggest there existed significant iffees between the average densities
derived from 2 readings versus 4 readings forraté nuclear gauges compared. When
comparing results between nuclear gauges for angmwenber of readings, the results
indicate that strong evidence to suggest no sicamti difference between gauges in 5 of
the 6 possible comparisons. The results also itelit@at there is strong evidence to
suggest significant differences between the dessitmeasured from the nuclear gauges
and the densities measured from the electromaggatiges.

Table 6.8 also provides information regarding tliféeences between densities
measured using PQI 300 and the PQI 301 electroniagyeuge, the influence of sand
on the measurements from the two electromagnetigesg and the difference between

the moisture measurements between the two gaudes.dénsities and the moisture
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measurements from the PQI 300 electromagnetic gaege significantly different from
those of the PQI 301 electromagnetic gauge at 9%#tfidence level. Another
observation is that the density and moisture measents made using the PQI 301 in the
sanded condition were not significantly differenorh the density and moisture
measurements made using the same gauge in thendeesaondition. However, for the
PQI 300 electromagnetic gauge, the density and tareismeasurements in sanded

condition differed significantly from those in uarsled condition.
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Table 6.8 — p-values from the paired t-tests compahe results obtained from the various methddseasurement on the
composite pavement (18-3 uncut; i.e., comprisdabttom, middle, and top lifts) of the project hayimultiple lifts with the same

mix design (OR 18)

Corelok

SSD Method
A (before
APAO)

Troxler 3440
30860
(4 readings)

Troxler 3440
30860
(2 readings)

Troxler 3430
38806
(4 readings)

Troxler 3430
38806
(2 readings)

Troxler 3440
Plus - 39525
(4 readings)

Troxler 3440
Plus - 39525
(2 readings)

Pal 301
(sand) -
density

PQI 301 (no
sand) -
density

PQl 301 (no
sand) -
moisture

PQl 300
(sand) -
density

PQl 300
(sand) -
moiture

PQI 300 (no
sand) -
density

PQI 300 (no
sand) -
moisture

CoreLok

0.1310

0.2538

0.3337

0.7139

0.4342

0.0011

0.0015

0.0938

0.2040

0.1626

0.0548

D Method
A (before
APAO)

0.0229

0.0411

0.1175

0.0703

0.0001

0.0001

0.4066

0.6011

0.6516

0.1522

Troxler 3440
30860
(4 reading)

0.7270

0.0386

0.5429

0.0000

0.0000

0.0010

0.0022

0.0023

0.0003

Troxler 3440
30860
(2 reading)

0.1514

0.7075

0.0000

0.0000

0.0018

0.0048

0.0041

0.0011

Troxler 3430
38806
(4 reading)

0.2169

0.0000

0.0000

0.0102

0.0099

0.0203

0.0018

Troxler 3430
38806
(2 reading)

0.0001

0.0001

0.0054

0.0018

0.0101

0.0006

Troxler 3440
Plus - 39525
(4 reading)

0.6339

0.0000

0.0000

0.0000

0.0000

Troxler 3440
Plus - 39525
(2 reading)

0.0000

0.0000

0.0000

0.0000

PQl 301
(sand) -
density

0.2163

0.0018

0.0003

PQl 301
(sand) -
moiture

0.0558

0.0000

0.0000

PQI 301 (no
sand) -
density

0.0365

0.0010

PQI 301 (no
sand) -
moisture

0.0000

0.0000

PQI 300
(sand) -
density

0.0001

PQl 300
(sand) -
moiture

0.0101
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Based on the results summarized in tables 6.18tcabnumber of observations are made

as follows:

* Tables 6.1, 6.3, and 6.7 provide results wheregncthres (or slices of cores) were
obtained from the same lift on which the nuclearggareadings were taken. The
methodology used to generate the results in thesicplar tables follows the
methodology provided in WAQTC TM8 for determininguatkear gauge
calibration factors. Hence, in determining whetbenot development of nuclear
gauge calibration factors are recommended as aat@anydequirement for dense-
graded HMA paving projects, inferences drawn fréra above-mentioned tables

carry greater weight than those drawn from tablgs@®4, 6.5, and 6.8.

* Overall, a majority of the comparisons between deesities from the various
tests on cores on 18-2 Lift 1 and 18-3 Lifts 1 t@dbles 6.2, 6.5, 6.6, and 6.7)
indicate that they were significantly different inoeach other at 95% confidence
level. However, a closer observation suggests tmagll the lifts (except for 18-3
Lift 2; i.e., table 6.6), a majority of the densgi from the CoreLok were not
significantly different from the densities obtainfedm the saturated, surface-dry

method A at a 95% confidence level.

» Except for 18-3 Lift 1 (table 6.5), a majority d¢fet comparisons indicate that the
densities from the various tests on cores werdfgigntly different from those of

nuclear gauge measurements at 95% confidence level.

* However, a majority of the comparisons (all tabéesept tables 6.1 and 6.5)
indicate that the densities from the various testores were not significantly
different from those of electromagnetic gauge mesments at a 95% confidence

level.

* A majority of the comparisons (in all 8 tables) icate that the densities from the
various measurements using nuclear gauges wenéicagitly different from each
other at a 95% confidence level.
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A majority of the comparisons (in all tables) aladicate that densities from the
various nuclear gauges were significantly differieatn those of electromagnetic

gauges at a 95% confidence level.

Also, all of the comparisons on all of the liftdlioate that the average density of
the lift obtained using the average of 4 nucleanggameasurements at every
location were not significantly different from theverage density of the lift
obtained using the average of 2 nuclear gauge mezasats at every location (as
seen in all the tables).

The densities obtained from the PQI 301 electroraiggauge and the PQI 300
electromagnetic gauge were significantly differdrdm each other at 95%

confidence level on the third (or top) lift (as saa tables 6.5 to 6.8) but not on
the second or middle lift (as seen in tables 6.2.4). The electromagnetic gauges

were not used when the first (bottom) lift alonesvpaved.

The moisture measurements obtained from the PQI &@d the PQI 300
electromagnetic gauges were significantly differémm each other at 95%
confidence level on both lifts where these gaugesewsed (as seen in tables 6.2
to 6.8).

On the third lift, where measurements with the tetenagnetic gauges were taken
in the sanded and un-sanded condition, the PQI &isity and moisture
measurements taken in the sanded condition weraigofficantly different (at
95% confidence level) from those taken in the umdsd condition (tables 6.5 to
6.8). However, for the PQI 300, the density andstuse measurements taken in
the sanded condition were significantly differeat 5% confidence level) from
those taken in the un-sanded condition (table$d68).
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6.2.2.2 I-5 Project

As indicated in section 3.3.2, the first lift ofethhase course along this project had
a different mix design from the remaining lifts.rfesearch purposes, measurements and
samples were taken only from the first and secdhtbl study the influence of different
mix designs on the density measurements. The sepulisented in this section were
derived from density measurements within each eflifts, not between lifts. Again, the
purpose of the comparisons was to determine ifetheere significant differences

between the various measurement methods and devices

Table 6.9 presents the results of comparisons n§ifemeasurement methods
and devices used to determine the density of tisé (fbottom) lift placed along the I-5
project. For this set of comparisons, the nuctgawrge was in direct contact with the
paving lift from which the cores were obtained.eTisults indicate that there was strong
evidence to suggest significant differences (at5&o Sconfidence level) between the
various methods for determining the density of sordhe results also provide strong
evidence to suggest significant differences betwdemsities derived from cores using
the CoreLok device and densities measured usinteaugauges. Similarly, there is
strong evidence to suggest significant differeroetsveen densities obtained from cores
using the SSD methods and densities measured ositlgar gauges in all but three of
the 12 possible comparisons.

The results in Table 6.9 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegni differences between the average
densities derived from 2 readings versus 4 readilogsall three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings, the results indicate that there is steandence to suggest significant difference

between gauges in 4 of the 6 possible comparisons.
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Table 6.9 — p-values from the paired t-tests compahe results obtained from the various methddeeasurement on the bottom
lift (5-1) of the project having two lifts with dérent mix designs (I-5)

Troxler 3430- | Troxler 3430- | Troxler 3430- | Troxler 3430- CPNMC3 CPNMC3
SSD (A) Corelok SSD (C) 38996 (4) 38996 (2) 38806 (4) 38806 (2) Portaprobe- | Portaprobe-
7443 (4) 7443 (2)
SSD (A) 0.0000 | 0.0025 | 0.0429 | 0.1380 | 0.0062 | 0.0025 | 0.0025 | 0.0060
CoreLok 0.0005 | 0.0000 | 0.0001 | 0.0010 | 0.0004 | 0.0000 | 0.0000
SSD (C) 0.0041 | 0.0118 | 0.9522 | 0.9015 | 0.0005 | 0.0012
Troxler 3430-
38996 (4 0.3563 | 0.0007 | 0.0011 | 0.1285 | 0.1686
Troxler 3430-
38996 (2 0.0067 | 0.0048 | 0.0953 | 0.1193
Troxler 3430-
38506 (4 0.9544 | 0.0008 | 0.0022
Troxler 3430-
38806 (2 0.0002 | 0.0004
CPN MC3
Portaprobe- 0.5246
7443 (4)
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Table 6.10 presents the results of comparisonspéity measurement methods
and devices used to determine the density of thensk(top) lift placed along the I-5
project. For this set of comparisons, the nucleargg was in direct contact with the
paving lift from which the core slices were obtaln@he results indicate that there was
strong evidence to suggest significant differen@sa 95% confidence level) between
the various methods for determining the densitgares. The results also provide strong
evidence to suggest significant differences (at 3%sffidence level) between densities
derived from cores using the CoreLok device andsiies measured using 2 of the 4
nuclear gauges. However, there was strong evidenseggest no significant differences
between densities obtained from cores using the 8®Mods and densities measured

using nuclear gauges in all but 4 of the 16 posstbimparisons.

The results in Table 6.10 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegni differences between the average
densities derived from 2 readings versus 4 readmygall four nuclear gauges compared.
When comparing results between nuclear gauges fgiven number of readings, the
results indicate that there is strong evidenceugggsst significant difference between

gauges in four of the 12 possible comparisons.
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Table 6.10 — p-values from the paired t-tests camgahe results obtained from the various methafdseasurement on the top lift
(5-2) of the project having two lifts with differemix designs (I-5)

Troxler 3430- [ Troxler 3430- | Troxler 3430- | Troxler 3430- CPNMC3 CPNMC3 Humboldt Humboldt
SSD (A) Corelok SSD (C) 38996 (4) 38996 (2) 38806 (4) 38806 (2) Portaprobe- | Portaprobe- | 5001C-1344 | 5001C-1344
7443 (4) 7443 (2) (4) (2)
SSD (A) 0.0062 | 0.0000 | 0.5995 | 0.4824 | 0.0002 | 0.0005 | 0.7225 | 0.2506 | 0.4458 | 0.4277
CoreLok 0.0266 | 0.0067 | 0.0047 | 0.8461 | 0.7257 | 0.0073 | 0.0358 | 0.0694 | 0.0981
SSD (C) 0.1094 | 0.0678 | 0.0014 | 0.0032 | 0.3869 | 0.9855 | 0.9396 | 0.9176
T’;’;f;j;‘j)"' 0.6628 | 0.0000 | 0.0000 | 0.1084 | 0.0358 | 0.0249 | 0.0883
o 63;‘23)0 0.0000 | 0.0000 | 0.0872 | 0.0444 | 0.0777 | 0.1259
Troxler 3430-
38506 (4) 0.1175 | 0.0000 | 0.0011 | 0.0003 | 0.0049
Troxler 3430-
38806 (2) 0.0001 | 0.0024 | 0.0005 | 0.0078
CPN MC3
Portaprobe- 0.1632 | 0.5604 | 0.5455
7443 (4)
CPN MC3
Portaprobe- 0.7030 0.9376
7443 (2)
Humboldt
5001C-1344 0.6475
(4)
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Based on the results summarized in tables 6.9 difi} & number of observations

can be made.

* Tables 6.9 and 6.10 provide results wherein thescgor slices of cores) were
obtained from the same lift on which the nuclearggareadings were taken. The
methodology used to generate the results in thesicplar tables follows the
methodology provided in WAQTC TM8 for determininguatkear gauge
correlation (adjustment) factors.

* A majority of the comparisons in tables 6.9 andO6ridicate that the densities
from the various tests on cores were significadifferent from each other (at

95% confidence level).

* Also, a majority of the comparisons on the bottafn (s seen in table 6.9)
indicate that the densities from the various tesmiscores were significantly
different from those of nuclear gauge measurem@it95% confidence level).
However, a majority of the comparisons on the tffjp(hs seen in table 6.10)
indicate that there was no significant differena 95% confidence level)

between densities from tests on cores and denfitigsvarious nuclear gauges.

* A majority of the comparisons in tables 6.9 andO6ridicate that the densities
from the various nuclear gauges were significadifferent from each other (at

95% confidence level).

* In all of the comparisons on both the lifts (asnséetables 6.9 and 6.10), the
average density of the lift obtained using the ager of four nuclear gauge
measurements at every location was not signifigagifferent from the average
density of the lift obtained using the averagewas huclear gauge measurements.
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6.2.2.3 OR 140 Project

As indicated in section 3.3.3, this project wasepaving project wherein, the
pavement was milled and replaced with an inlayofeéd by placement of an overlay
(both having same mix design). The density measenésrand samples were taken from
both lifts. The results presented in this secti@remerived from density measurements
within both lifts, not between lifts. Again, theuppose of the comparisons was to
determine if there were significant differencesnmn the various measurement methods

and devices.

Table 6.11 presents the results of comparisonsp$ity measurement methods
and devices used to determine the density of tisé (bottom or inlay) lift placed along
the OR 140 project. For this set of comparisans,iuclear gauge was in direct contact
with the paving lift from which the cores were dhtd. The results indicate that there
was strong evidence to suggest significant diffeesn(at a 95% confidence level)
between the various methods for determining thesitherof cores. The results also
provide strong evidence to suggest no significafierénce between densities derived
from cores using the CoreLok device and densitiemsured using nuclear gauges.
Similarly, there was strong evidence to suggestsigmificant differences between
densities obtained from cores using the SSD methaghd densities measured using
nuclear gauges in a majority of the comparisonsvéi@r, there was strong evidence to
suggest significant differences (at 95% confiddeeel) between densities obtained from
cores using the SSD method A and densities measisied nuclear gauges in a majority
of the comparisons. Also, the results provide gir@vidence to suggest significant
differences between the densities derived fronvdr®us tests on cores and the densities

measured using the electromagnetic gauges.

The results in Table 6.11 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegni differences between the average
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densities derived from two readings versus foudiregs for all three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings, the results indicate that there is stremglence to suggest significant
differences between gauges in five of the six paescomparisons. The results also
indicate that there is strong evidence to suggessignificant differences between the
densities measured from the nuclear gauges andetigties measured from the PQI 300
electromagnetic gauge. Conversely there was sogmifidifference between the densities
from the nuclear gauge and the densities from Q& 31 electromagnetic gauge in a

majority of the comparisons.

The average density from the PQI 300 electromagrgguge was significantly

different from that obtained from the PQI 301 elestagnetic gauge.
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Table 6.11 — p-values from the paired t-tests caingahe results obtained from the various methafdeaeasurement on the inlay lift
(140-1) of the mill and fill (inlay) plus overlay@ect having same mix design (OR 140)

SSD Method | SSD Method $SD method Troxler 3430 { Troxler 3430 4 Troxler 3430 { Troxler 3430 { Troxler 3430 { Troxler 3430 PQI 301 - PQI300-
A (before A (after c 38996 38996 38806 38806 35601 35601 density density
APAO) APAO) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings)

Corelok | 0.0000 | 0.0002 | 0.3501 | 0.0002 | 0.0009 | 0.2057 | 0.6208 | 0.9034 | 0.8226 | 0.0088 | 0.0286

SSD Method

A (before 0.0013 | 0.0000 | 0.0000 | 0.0000 | 0.0114 | 0.0113 | 0.0006 | 0.0006 | 0.2841 | 0.0000

APAO)

SSD Method

A after 0.0000 | 0.0000 | 0.0001 | 0.1938 | 0.0992 | 0.0161 | 0.0186 | 0.3585 | 0.0001

APAO)

SSDrncethOd 0.0003 | 0.0011 | 0.4425 | 0.9839 | 0.7792 | 0.8533 | 0.0096 | 0.0165

Troxler 3430

38996 0.7640 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0004 | 0.3231

(4 reading)

Troxler 3430

38996 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0010 | 0.3989

(2 reading)

Troxler 3430

38806 0.2140 | 0.0408 | 0.0387 | 0.1871 | 0.0395

(4 reading)

Troxler 3430

38806 0.5311 | 0.5796 | 0.1171 | 0.1154

(2 reading)

Troxler 3430

35601 0.7900 | 0.0408 | 0.0871

(4 reading)

Troxler 3430

35601 0.0443 | 0.0762

(2 reading)

PQI 301 -

density 0.0001
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Table 6.12 presents the results of comparisonspéity measurement methods
and devices used to determine the density of tie¢ {bottom or inlay) lift of the
composite pavement comprised of the first and sgdifin(inlay and overlay lift) placed
along the OR 140 project. For this set of comjpass the nuclear gauge was not in
direct contact with the paving lift from which tlwere slices were obtained, it was in
contact with the second or overlay lift. The résuhdicate that there was strong
evidence to suggest significant differences (atb&b confidence level) between the
various methods for determining the density of sordhe results also provide strong
evidence to suggest no significant differences 98% confidence level) between
densities derived from the various tests on cores, the CoreLok and SSD methods)
and the densities measured using nuclear gaugeso, #e results provide strong
evidence to suggest no significant differences betwthe densities derived from the
CoreLok and SSD method C tests on cores and thsitisn measured using the
electromagnetic gauges. However, there were sagmfi differences between the
densities derived from the SSD method A and thesities measured using the
electromagnetic gauges.

The results in Table 6.12 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to canpet average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegnit differences between the average
densities derived from two readings versus foudiregs for all three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings, the results indicate that there is stremglence to suggest no significant
difference between gauges in four of the six pdssdomparisons. The results also
indicate that there was strong evidence to suggesignificant differences between the
densities measured from the nuclear gauges andetigties measured from the PQI 301

electromagnetic gauge; whereas, there were signifidifferences between the densities
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from the nuclear gauge and the densities from Q& 390 electromagnetic gauge in a

majority of the comparisons.
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Table 6.12 — p-values from the paired t-tests camgahe results obtained from the various methafdseasurement on the inlay lift
(140-2 Lift 1) of the composite pavement (comprisédhlay and overlay) of the mill and fill (inlayglus overlay project having same

mix design (OR 140)

SSD Method
A (before
APAO)

SSD Method
A (after
APAO)

Troxler 3430 - Troxler 3430 4 Troxler 3430 { Troxler 3430 -{ Troxler 3430 { Troxler 3430

SSD Method | SSD method

A (APAO
( ) (4 readings) | (2 readings) | (4 readings) | (2 readings)

Corelok

0.0001

0.0037

0.0013

SSD Method
A (before
APAO)

0.0000

0.0041

SSD Method
A (after
APAO)

SSD Method
A (APAO)

SSD method
C

38996
(4 reading)

Troxler 3430

38996
(2 reading)

Troxler 3430

38806
(4 reading)

Troxler 3430 -

38806
(2 reading)

Troxler 3430 -

35601
(4 reading)

Troxler 3430

35601 35601
(4 readings) | (2 readings)

35601
(2 reading)

Troxler 3430

PQl 301 -
density

PQl 301 - PQI 300 -
density density
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Table 6.13 presents the results of comparisonspéity measurement methods
and devices used to determine the density of tbenske(top or overlay) lift section of the
composite pavement comprised of the first and sgdifin(inlay and overlay lift) placed
along the OR 140 project. For this set of compass the nuclear gauge was in direct
contact with the paving lift from which the corecsks were obtained. The results
indicate that there was strong evidence to suggestignificant differences (at a 95%
confidence level) between the densities derivethftbe tests using the CoreLok device
and the densities derived from the SSD methodsweer, the results also indicate that
there was strong evidence to suggest significafferdnces between the densities
obtained from the two SSD methods. The results @levide strong evidence to suggest
no significant differences (at 95% confidence Ig\Wtween densities derived from the
CorelLok device and the SSD method C and the dessiteasured using nuclear gauges.
However, there was strong evidence to suggest feigni differences between the
densities derived from the SSD method A and thesities measured using the nuclear
gauges. Also, the results provide strong evidencsuggest no significant differences
between the densities derived from the CorelLok #eddensities measured using the
electromagnetic gauges. However, there were sagmfi differences between the
densities derived from the SSD methods and the itieEnsmeasured using the

electromagnetic gauges.

The results in Table 6.13 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camipgt average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegni differences between the average
densities derived from two readings versus foudiregs for all three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings, the results indicate that there is stremglence to suggest no significant
difference between gauges in four of the six pdssdmmparisons. The results also

indicate that there was strong evidence to suggesignificant differences between the
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densities measured from the nuclear gauges andetigties measured from the PQI 301
electromagnetic gauge; whereas, there were signifidifferences between the densities
from the nuclear gauge and the densities from Q& 30 electromagnetic gauge in a
majority of the comparisons.

The average density from the PQI 300 electromagrggiuge was significantly
different from that obtained from the PQI 301 elestagnetic gauge.
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Table 6.13 — p-values from the paired t-tests camgahe results obtained from the various methafdseasurement on the overlay
lift (140-2 Lift 2) of the composite pavement (consed of inlay and overlay) of the mill and filh{ay) plus overlay project having
same mix design (OR 140)

SSD Method | SSD Method 55D Method | SSD method Troxler 3430 { Troxler 3430 { Troxler 3430 { Troxler 3430 - Troxler 3430 { Troxler 3430 PQI 301 - PQI 300 -
A (before A (after A(APAO c 38996 38996 38806 38806 35601 35601 densi densit
APAO) APAO) { ) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings) ensity ensity
Corelok | 0.0582 | 0.1433 | 0.1538 | 0.3276 | 0.5051 | 0.4973 | 0.2838 | 0.2959 | 0.3449 | 0.3730 | 0.9184 | 0.3827
SSD Method
A (before 0.0132 | 0.0007 | 0.0002 | 0.0000 | 0.0000 | 0.0001 | 0.0001 | 0.0044 | 0.0227 | 0.0007 | 0.0000
APAO)
SSD Method
A (after 0.8571 | 0.0004 | 0.0012 | 0.0011 | 0.0906 | 0.1111 | 0.1124 | 0.2225 | 0.0081 | 0.0001
APAO)
SSD Method
A(APAO) 0.0057 | 0.0001 | 0.0004 | 0.0176 | 0.0360 | 0.0613 | 0.1801 | 0.0091 | 0.0001
sspmethod 0.2689 | 0.2752 | 0.4388 | 0.5063 | 0.6141 | 0.7241 | 0.0604 | 0.0008
Troxler 3430
38996 0.9598 | 0.0007 | 0.0112 | 0.0502 | 0.2213 | 0.2215 | 0.0078
(4 reading)
Troxler 3430
38996 0.0057 | 0.0215 | 0.0810 | 0.2474 | 0.2136 | 0.0065
(2 reading)
Troxler 3430 -
38806 0.8259 | 0.7742 | 0.8225 | 0.0488 | 0.0010
(4 reading)
Troxler 3430 -
38806 0.8661 | 0.8736 | 0.0572 | 0.0012
(2 reading)
Troxler 3430
35601 0.9143 | 0.1140 | 0.0063
(4 reading)
Troxler 3430
35601 0.1562 | 0.0145
(2 reading)
PQl 301 -
density 0.0007
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Table 6.14 presents the results of comparisonsp$ity measurement methods
and devices used to determine the density of tin@posite pavement comprised of the
first and second lift (inlay and overlay) placedral the OR 140 project. For this set of
comparisons, the nuclear gauge was in direct contitiec the paving lift from which the
cores were obtained. The results indicate thaethes strong evidence to suggest no
significant differences (at a 95% confidence lewelween the densities derived from the
tests using the CoreLok device and the densitiesatefrom the SSD method A. The
results also provide strong evidence to suggestsigaificant differences (at 95%
confidence level) between densities derived from Warious tests on cores and the
densities measured using nuclear gauges in all lofitl2 comparisons. Also, the results
provide strong evidence to suggest no significaiffereénces between the densities
derived from the CoreLok and the densities measus@tg the electromagnetic gauges.
However, there were significant differences betwi#endensities derived from the SSD

method A and the densities measured using therefeagnetic gauges.

The results in Table 6.14 also provide informatiegarding differences between
the numbers of readings (2 versus 4) used to camjpat average density from a set of
measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no feigni differences between the average
densities derived from two readings versus foudiregs for all three nuclear gauges
compared. When comparing results between nuclaages for a given number of
readings, the results indicate that there is stremglence to suggest no significant
difference between gauges in 4 of the 6 possibiepasisons. The results also indicate
that there was strong evidence to suggest no gignifdifferences between the densities
measured from the nuclear gauges and the densitemssured from the PQI 301
electromagnetic gauge; whereas, there were signifidifferences between the densities
from the nuclear gauge and the densities from Q& 390 electromagnetic gauge in a

majority of the comparisons.
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Table 6.14 — p-values from the paired t-tests camgahe results obtained from the various methafdseasurement on the
composite pavement (140-2 uncut i.e., comprisadlay and overlay) of the mill and fill (inlay) pduoverlay project having same
mix design (OR 140)

SSD Method | Troxler 3430 { Troxler 3430 4 Troxler 3430 - Troxler 3430 - Troxler 3430 { Troxler 3430
A (before
APAOQ) (4 readings) | (2 readings) | (4 readings) | (2 readings) | (4 readings) | (2 readings)

PQI 301 - PQI 300 -
density density

Corelok

SSD Method
A (before
APAO)

Troxler 3430 -
38996
(4 reading)

Troxler 3430 -
38996
(2 reading)

Troxler 3430 -
38806
(4 reading)

Troxler 3430 -
38806
(2 reading)

Troxler 3430 -
35601
(4 reading)

Troxler 3430 -
35601
(2 reading)

PQI 301 -
density
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Based on the results summarized in tables 6.111#, & number of observations can be

made.

Tables 6.11 and 6.13 provide results wherein thhesc¢or slices of cores) were
obtained from the same lift on which the nuclearggareadings were taken. The
methodology used to generate the results in thesicplar tables follows the

methodology provided in WAQTC TM8 for determiningualkear gauge

calibration factors. Hence, the above-mentioné&tetacarry greater weight than
tables 6.12 and 6.14 in determining whether ordeselopment of nuclear gauge
calibration factors is recommended as a mandagayirement for dense-graded

HMA paving projects.

The comparisons on both the lifts indicate that deasities derived from the

CoreLok device were not significantly different finothe densities derived from
the SSD method C. Also, on the top or overlaydiid the composite pavement
(tables 6.13 and 6.14), the densities derived ftbenCoreLok device were not
significantly different from the densities derivi]dm the SSD method-A tests on
cores. However, on the bottom or inlay lift (tab&41 and 6.12) the densities
derived from the CoreLok device were significandijfferent from the densities

derived from SSD method A.

A majority of the comparisons made on both thes liftdicate that the densities
from the tests on cores using the CoreLok devicktha SSD method C were not
significantly different from the densities measuresing nuclear gauges at 95%
confidence level. Also, on the bottom or inlay Igection of the composite
pavement and on the composite pavement itselfega®l12 and 6.14), the results
indicate that there was no significant differenceere between the densities
derived from the SSD method A and the densitiessonrea using the nuclear
gauges. However, on the inlay lift and the ovellifty (tables 6.11 and 6.13)

wherein the gauges were in direct contact withlifbdrom which the core slices

were extracted as per the WAQTC TM 8 procedure, @omy of the



146

comparisons indicate that the densities derivethftbe SSD method A tests on
cores were significantly different from the densimeasurements from nuclear
gauges at a 95% confidence level.

Also, a majority of the comparisons made afterdherlay lift was paved (tables
6.12 to 6.14) indicate that the densities derivednfthe tests on cores using the
CoreLok device were not significantly different fmothose of electromagnetic
gauge measurements at 95% confidence level. Howevemajority of the
comparisons made when only the inlay lift was paftable 6.11) indicate that the
densities derived from the CoreLok were signifibardifferent from those of
electromagnetic gauge measurements at 95% conédenel. Also, the results
were inconclusive in determining whether the deesitderived from the SSD
methods were significantly different from the déiesi measured from the

electromagnetic gauges at 95% confidence level.

A majority of the comparisons made after the ovelih was paved (tables 6.12
to 6.14) indicate that the densities from the uasiomuclear gauges were not
significantly different from each other at a 95%nfidence level. However, a
majority of the comparisons made when only theyitih was paved (table 6.11)
indicate that the densities from the various nuclgauges were significantly

different from each other at 95% confidence level.

A majority of the comparisons made after the owelih was paved (tables 6.12
to 6.14) indicate that the densities from the waimuclear gauges were not
significantly different from those of the PQI 3ddyt were significantly different
from the PQI 300, electromagnetic gauge at 95%idente level. However, a
majority of the comparisons made when only theyitilh was paved (table 6.11)
indicate that the densities from the various nuctgages were not significantly
different from those of the PQI 300, but signifidgrdifferent from the PQI 301,

electromagnetic gauge at 95% confidence level.
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* For a given nuclear gauge used, the average desfsile lift obtained using the
average of 4 nuclear gauge measurements at evaiido was not significantly
different from the average density of the lift db&d using the average of 2

nuclear gauge measurements (as seen in all tresjabl

» The average densities obtained from the PQI 301 ted PQI 300 were

significantly different from each other on all tlifés at a 95% confidence level.

6.2.2.4 OR 18 Project (Core Extraction Location)

Recall from Section 3.2 that a part of the reseavah to investigate differences
between densities obtained from the corner of theshaped’ and ‘cross-shaped’
footprints. The results presented in this sectvene derived from density measurements
within the ‘L-shaped’ and ‘cross-shaped’ footprintot between the two types of
footprints, to determine if there were significadifferences between the various
measurement methods and devices. Note that sei8r2.4 provides results of

comparisons between the footprint core locations.

Table 6.15 presents the results of comparisonspéity measurement methods
and devices used to determine the densities ortithes-shaped’ footprints along the OR
18 project. The results indicate that there wasngt evidence to suggest no significant
difference (at a 95% confidence level) between dkasities derived from using the
CoreLok and the densities derived from the SSD owtl. However, there was
significant differences between the densities @efliusing the SSD method A and the
densities derived using SSD method C. The resu#s provide strong evidence to
suggest that the densities derived from CoreLok &8& methods on cores were not
significantly different (at a 95% confidence levétbm density measurements using
nuclear gauges. However, there was significanedifice (at a 95% confidence level)
between the densities derived from SSD method S &=l the densities measured using

one of the two nuclear gauges.

The results in Table 6.15 also provide informatiegarding differences between

the numbers of readings (2 versus 4) used to canpet average density from a set of
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measurements at a particular sample location fparéicular nuclear gauge as well as
differences between the densities from variousearcjauges. For the former case, the
results provide strong evidence to suggest no fiegnit differences between the average
densities derived from two readings versus foudiregs for all three nuclear gauges
compared. When comparing results between nuclaages for a given number of

readings, the results indicate strong evidenceiggest no significant difference between

gauges in all of the possible comparisons.
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Table 6.15 — p-values from the paired t-tests camgahe results obtained from the various methafdaeasurement on the ‘cross-
shaped’ footprint of the project having multiplgdiwith same mix design (OR 18)

SSD (Method | SSD (Method | Troxler 3430 { Troxler 3430 - Troxler 3430 { Troxler 3430
A) 38806 (4) 38806 (2) 38994 (4) 38994 (2)

Corelok 0.0116

SSD (Method
A)

SSD (Method
)

0.0337

0.0276

Troxler 3430 -
38806 (4)

Troxler 3430 -
38806 (2)

Troxler 3430 -
38994 (4)
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Table 6.16 presents the results of comparisonsp$ity measurement methods
and devices used to determine the densities ofttbleaped’ footprints along the OR 18
project. The results indicate that there was strenidence to suggest significant
difference (at a 95% confidence level) between dbesities derived from the various
tests on cores. The results also provide strondeece to suggest that the densities
derived from CoreLok and SSD methods on cores wetesignificantly different (at a
95% confidence level) from density measurementsgusuclear gauges. However, there
was significant difference (at a 95% confidenceslebetween the densities derived from

SSD method C tests and the densities measured arséengf the two nuclear gauges.

The results in Table 6.16 also provide informatiegarding differences between
the densities from various nuclear gauges. Whanpaoing results between nuclear
gauges, the results indicate strong evidence tgesigio significant differences between

the densities measured from the two gauges.
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Table 6.16 — p-values from the paired t-tests caingahe results obtained from the various methafdeeasurement on the ‘L-
shaped’ footprint of the project having multiplgdiwith same mix design (OR 18)

SSD (Method [ SSD (Method | Troxler 3430  Troxler 3430
A) Q) 38806 (2) | 38994 (2)
Corelok | 0.0046 | 0.0043 | 0.1412 | 0.0655
0 e 0.0004 | 0.5347 | 0.2002
SSD‘“C”)“W 0.0651 | 0.0262
o350, 03882
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Based on the results summarized in tables 6.15 @ié, a number of

observations can be made as follows:

For the ‘cross-shaped’ and ‘L-shaped’ footprintaéstigation, a majority of the
comparisons between the densities derived from vilweous tests on cores
indicate that they were significantly differentrinceach other at a 95% confidence
level. However, on the ‘cross-shaped’ footprint tthensities derived from the
CoreLok method were not significantly differentfidhe densities derived from
the SSD method C at a 95% confidence level.

A majority of the comparisons indicate that the@swo significant difference (at
a 95% confidence level) between the densities ddrivom the various tests on

cores and the densities measured using the nugdeges.

Also, in both the tables, results from the commarssindicate that there was no
significant difference (at a 95% confidence leviegtween the various nuclear

gauge density measurements.

For the ‘cross-shaped’ footprint, there was no ificant difference (at a 95%
confidence level) between the densities obtainexguthe average of 4 nuclear
gauge measurements at every location and the msngibtained using the
average of 2 nuclear gauge measurements. On tkbdped’ footprint, only 2

measurements were taken by a nuclear gauge at lecation.
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6.2.3 Summary

To identify if an adjustment factor (average diffiece) must be obtained between
the densities derived from the tests on cores b@dlénsities measured using the nuclear
gauges, the primary objective of interest is thaults of the comparisons between the

densities from the two methods of measurements.

For the project having multiple lifts with same moesign (OR 18), the
comparisons on 7 of 8 various lifts (i.e., tables through 6.8 except 6.5) indicate that
the densities obtained from various tests on caes significantly different from
densities obtained from nuclear gauges. For thg@rdaving two lifts with different
mix designs (I-5), the comparisons on the bottdttible 6.9) indicate that the densities
obtained from various tests on cores are signifigatifferent from the densities obtained
from nuclear gauges, and comparisons made on phigtt¢table 6.10) indicate that there
is no significant difference between densities frtgsts on cores and densities from
nuclear gauges. For the mill and fill project (O&)Lhaving an inlay and an overlay lift,
a majority of the comparisons indicate that thesiteas derived from CoreLok and SSD
method C tests were not significantly differentnfrehe density measurements from the
nuclear gauges Also, tables 6.12 and 6.14 indittede the densities derived from the
SSD method A were not significantly different frahe densities measured from nuclear
gauges. However, tables 6.11 and 6.13, whose sesaltry more weight because
measurements here were taken in accordance with YWCATMS8 procedure, indicate that
densities derived from SSD method A were signifigardifferent from densities
measured using nuclear gauges. On the ‘L-shapedl’ ‘@oss-shaped’ footprints, the
results indicate that there was no significantestéghce (at 95% confidence level) between

the densities derived from tests on cores and tlessneasured using the nuclear gauges.

Results from a majority of the lifts provide evidento suggest that it is probably
better to obtain an average difference and us® iadjust gauge densities to core
densities. This is also supported by finding frdra literature studies which indicate that

core results give us a more accurate density tlhialear gauge results (26, 27, and 34).
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Also, an appropriate method should be selectedstiocbres since all the various methods

of testing cores produced significantly differeesults.

6.3 Pooled t-tests to compare the methods of measunent between lifts

This section presents the methodology and resultsstatistical analyses
conducted to determine if the adjustment factamfone lift of a project can be used on
another lift on that project. These adjustmentdextcan be described as the average
differences between the densities derived from tdsts on cores and the densities

measured from the nuclear gauges.

6.3.1 Methodology

The *adjustment factor’ or ‘average difference’ wiast calculated. To do this,
the difference in densities between any two padicmethods of measurements was
obtained at each of the 10 given locations on &ficdection. For example, at each of the
10 locations, the difference between the densitiveé from the tests on cores using the
CoreLok device and the density measured using Yeeage of 4 density readings per
location using the control nuclear gauge was catedl Then, the average of the 10
differences was calculated to determine the ‘adjest factor’ for the nuclear gauge on
that lift. In this example, this adjustment factwas the “CoreLok — Control nuclear
gauge (average of 4 readings)” adjustment facttwerain the ‘average of 4 readings’
indicates that the density from the control nuclgange at each location was measured
using the average of 4 density readings from theggaThus, in this manner, various

‘adjustment factors’ or ‘average differences’ weadculated for each lift as follows:
0 SSD (Method A) — Nuclear gauge (average of 4 ragjin
0 SSD (Method A) — Nuclear gauge (average of 2 remjin
0 SSD (Method C) — Nuclear gauge (average of 4 rgaflin

0 SSD (Method C) — Nuclear gauge (average of 2 rgaflin
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o CorelLok — Nuclear gauge (average of 4 readings),
o CoreLok — Nuclear gauge (average of 2 readings),

o0 SSD (Method A) — Electromagnetic gauge (averag® eoéadings; un-

sanded condition),

o SSD (Method A) — Electromagnetic gauge (average idfadings; sanded

condition),

o SSD (Method C) — Electromagnetic gauge (averag®é oéadings; un-
sanded condition),

o SSD (Method C) — Electromagnetic gauge (averade reladings; sanded
condition),

o CoreLok - Electromagnetic gauge (average of 5 regli un-sanded
condition),

o CoreLok - Electromagnetic gauge (average of 5 remli sanded

condition),

It should be emphasized that there were 3 nuclaages and 2 electromagnetic
gauges that were commonly used on more than dnallithese gauges were the ones
whose results were used for the purpose of obgithie ‘average differences’ to answer
the research questions. Since they were used oa than one lift, densities obtained
from these gauges were used in calculating adjudtfaetors and in the pooled t-tests.
The remaining gauges, which were not used on niae one lift, could only be used in
the paired t-tests (which compare the various nitlod measurements on a given lift) to
derive various other conclusions as indicated atiee 6.2. Also, most of the SSD tests
which were used for the purpose of obtaining therage differences’ were performed
multiple times using the AASHTO T 166 procedureeyiwere designated as follows:
SSD Method A (before APAO testing), SSD Method A&O testing), SSD Method A
(after APAO testing), and SSD Method C.
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In this manner, the ‘average differences’ describbdve were calculated on
every lift. Then, statistical comparisons (poolegdts) was performed to verify if the
various adjustment factors or average differenaesnfone lift were significantly
different from those from another lift. Thus, thetstical tests were always used to

compare the adjustment factors between any twa lift

Since the densities obtained at each location envérious lifts were from the
same stretch of pavement, they were consideredriagbahe same population for
statistical purposes. Similarly, since the locagiamere randomly selected and were at
different spots with each successive lift, they evepnsidered two separate samples.

Thus, in this case, pooled t-tests were perfornedden the various data sets.

Pooled t-tests were conducted to determine if tdgistament factors (i.e.,
differences between average densities derived temts on cores and average densities
measured using nuclear gauges) on one lift weralefguthe adjustment factors on
another lift (i.e., to determine if the differente adjustment factors from the two lifts
was zero). Any non-zero differences found wouldvpe evidence to suggest the
adjustment factors on one lift cannot be used arhe lift. Thus, there would then be a
need for obtaining separate adjustment factorswegrage differences’ between core and

nuclear gauge densities on each individual liftda@iven project.

More specifically, for a particular method of testicores and a particular gauge
commonly used on two given lifts, the differenceween the density derived from the
test on cores and the density measured from thgegaas calculated at every location on
both the lifts. The average and standard deviatbrihese differences between the
densities from the two methods of measurement Wsts Galculated. The average and
standard deviation of the differences were thelizat in the pooled t-test to determine if
the difference between the adjustment factors émeenf differences) was equal to zero

at a specified confidence level. Thus, the hyps#beand test statistic were as follows:
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Hypotheses:

K1 = True mean adjustment factor on one lift (i.&fedence between the true
mean density of one pavement lift as determined pgrticular method of
measurement on cores and the true mean densihematne lift as determined by

measurements from a particular nuclear gauge)

M2 = True mean adjustment factor on another lift (déference between the true
mean density of the other pavement lift as deteechipy the same particular
method of measurement on cores and the true mewitylon the same lift as
determined by measurements from the same partioutdear gauge)

Null hypothesis, kit p;- p2= 0 (i.e., no difference between the true mean

adjustment factors from the two lifts)

Alternate hypothesis, ;- P2 0 (i.e., difference between the true mean

adjustment factors from the two lifts)

Test statistic:

t:()zl_)_(z)_oz )_(1_$(2
2 2 2 2
S, 3.3
n n n n
Where:
t= Pooled t-statistic

X, = Estimate of the true mean adjustment factor onlifing.e., mean of

differences between core densities and nuclearegdensities)

X, = Estimate of the true mean adjustment factor orother lift (i.e., mean

of differences between core densities and nucleageg densities)
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s = Standard deviation of the differences on one (ife., standard
deviation of the differences between core densdies nuclear gauge
densities)

s, = Standard deviation of the differences on thesofiit (i.e., standard
deviation of the differences between core densdies nuclear gauge

densities)
ni = Number of observations of the differences onldhe
n, = Number of observations of the differences onatiher lift

The nature of the alternate hypothesis)(Hnplies that a two-tailed rejection
region should be used, meaning that the differencéd be positive or negative. That is,
the two-tailed t-test correctly accounts for thesgibility that the adjustment factor on
one lift could be less than or greater than theisidjent factor on the other lift. The t-
test was conducted using a confidence level of @&gmificance leveb = 0.05, or 5%).
Figure 6.1 in section 6.2.1, which illustrates theerpretation of paired t-tests, can be
used to illustrate the interpretation of poole@dts. Figure 6.1a illustrates a result that
would not allow rejection of the null hypothesisaa®5% confidence level. That is, the
95% confidence interval centered about the meaierdiice obtained from test results
captures the value of zero indicating that therensufficient evidence to suggest a
difference in the adjustment factors, as determme@ach of the lifts, at this confidence
level. Conversely, Figure 6.1b illustrates a resdit would allow rejection of the null
hypothesis (i.e., the value of zero falls outsidethe 95% confidence interval). The
results of the various comparisons of the adjustrfeariors between the various lifts are
indicated using p-values. The explanation and pmetation of p-values has been

described in section 6.2.1.

6.3.2 Results

The tables contained in this section (tables 6Hréugh 6.22) summarize the

results of pooled t-tests utilized to determine tuke or not the null hypothesis of each
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comparison (i.e., difference between the adjustrifeibrs of two given lifts is equal to
zero) can be rejected at the 95% confidence &l gignificance level). The p-values
from these pooled t-tests are provided in the tablethe Appendix. However, in this
section, each cell in each of the tables contaafisrmation to indicate the number of
comparisons wherein the adjustment factors fromlidineere not significantly different
from those of another lift at a 95% confidence lev@ells highlighted with yellow
indicate that only a few of the adjustment factors one lift were not significantly
different from the adjustment factors on the otlifer In other words, a majority of the
null hypotheses between those two lifts can bectege(i.e., sufficient evidence at the
95% confidence level to indicate that the adjustinfactor on one lift was significantly
different from the adjustment factor on the othérfbr a majority of the adjustment
factors compared between the two lifts). Cells hgytted with green indicate that the
null hypothesis cannot be rejected in a majorityhefinstances. Each cell also contains a
reference to a particular table in appendix B amnfwhich more inferences can be
drawn. For example, in table 6.17, the first ceids ‘18 of 18 (table B4)'. This indicates
that of the 18 comparisons between the averagerdiftes for those two lifts (detailed in
table B4), all 18 of them were not significantlffdient at 95% confidence level. Also,
the blue diagonal line cutting across the tablanisndication that the values on one side
of the line are a transpose of those on the otlter of the line (i.e., like a mirror
reflection); it was included to easily draw intezfations from the findings.

6.3.2.1 Summary of comparisons across lifts on ti@R 18 project

Section 3.2 provides information on the experinaggign for this project i.e., to
answer the first research question which is asvdl

“Is it necessary to obtain the average differeretsvben densities from tests on cores and
densities from nuclear gauges for each lift of imdt asphalt (HMA) placed in multiple

lifts with the same mix design for each lift?”

As indicated in Section 3.3.1, the base coursegatbis project was constructed

in three lifts, all having the same mix design.r B purpose of answering this research
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guestion, densities and core samples were obtdiosdall three lifts of the base course
on this project. The results presented in thisigeavere derived from comparisons of
the various adjustment factors between the varidts on this project. Again, the
adjustment factors were the averages of differermmtgveen densities derived from
various tests on cores and densities measuredvanious gauges. The purpose of these
comparisons was to determine if the adjustmentofacon one lift could be used on
another lift on the same project. This was don@dryorming statistical analysis between
the adjustment factors from two given lifts to detme if they were significantly

different or not at a 95% confidence level.

Table 6.17 presents the summary of the resultseopboled t-tests comparing the
various adjustment factors between the various. IFtom table 6.17, it can be observed
that a majority of the comparisons of adjustmemtdes across a majority of the lifts
were not significantly different from each otherowkver, a majority of the adjustment
factors obtained on the third set of the first(if8-3 lift 1) were significantly different (at
95% confidence level) from those on the remainiiits.| Also, a majority of the
adjustment factors on the composite pavement ceegrof all three lifts (18-3) were
significantly different (at a 95% confidence leveBm those of most other lifts. Another
important observation is that a majority of the uatliinent factors on the first set of
second lift (18-2 lift 2) were significantly diffent (at a 95% confidence level) from

those of the third lift of the composite pavememmprised of all three lifts (18-3 lift 3).

Further, a closer observation of the results froearious tables in the Appendix
(used to create the summary values in table 6rdiyate that the various methods of
testing cores to derive the densities provide simiesults when used to calculate the
adjustment factor and when compared between tis lifi a majority of instances, the
results from comparisons of adjustment factors betwtwo given lifts were the same
regardless of the core testing method used. Inratloeds, irrespective of whether the
CoreLok method was used or whether the SSD metiveds used, similar results were
obtained at 95% confidence level. Thus, no conetusividence was obtained to suggest

that a particular testing method on cores was pabfe in comparison to other testing
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methods on cores. Another observation indicates ttraspective of the nuclear gauge
used in the comparison of adjustment factors betviéis, similar results were obtained
at 95% confidence level.
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Table 6.17 - Summary of results from pooled t-testmparing average differences
(difference between densities obtained from conesraiclear gauges) across lifts on the
project having multiple lifts with the same mix aps(OR 18)

0of 8

20f4

(table B6)

(table B8)

00of 20 0of 20
(table B11) (table B15)

70f20
(table B3)

30f8
(table B17)

0of 8 20f4
(table B6) (table B8)
0of 20
(table B11)
0of 20 50f 20 30f8
(table B15) (table B3) (table B17)
0of 8 30f8
(table B26) (table B25)
0of8 40f 20 0of 20 40f8
(table B26) (table B19) (table B20) (table B21)
40f 20
(table B19)
0of 20 40f8
(table B20) (table B24)
30f8 40f8 40f8
(table B25) (table B21) (table B24)
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Table 6.18 presents the summary of the resultseopboled t-tests comparing the
various adjustment factors between the various. Iftom the table, it is observed that a
majority of the comparisons of adjustment factass a majority of the lifts were not
significantly different from each other. However,amy of the adjustment factors
obtained on the third set of the first lift (18R L) were significantly different (at a 95%
confidence level) from those on the remaining liftkus, for all lift sections other than
third set of first lift (18-3 lift 1), the adjustmefactors obtained on one lift could be used

on the other lifts as well.

Further, in contrast to the observations from t&bl&, a closer observation of the
results from the various tables in the Appendixe(lso create the summary values in
table 6.18) indicates that the CoreLok method medi better results than the SSD
methods. In other words, when the densities froemG@oreLok method were used with
those from either of the electromagnetic gaugesbtain the adjustment factors, then the
comparison of these adjustment factors betweenieire not significantly different at a
95% confidence level in more instances than whendémsities from the SSD methods
were used with electromagnetic gauges to obtainathestment factors. As seen from
table B11 and table B20, when the densities froem\3BD methods were used with those
from the 2 electromagnetic gauges to obtain thesaajent factors, the comparison of
many of these adjustment factors between theWifiee significantly different at a 95%
confidence level. Another observation is that, Spective of which electromagnetic
gauge was used while comparing adjustment factetwden lifts, similar results were
obtained at a 95% confidence level. Even with thes@nce or absence of sand while
using either of the electromagnetic gauges, sinnéaults of comparisons of adjustment
factors between lifts were obtained at a 95% cemio@ level (as seen in tables B21 to
B24).
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Table 6.18 - Summary of results from pooled t-testmparing average differences
(difference between densities obtained from conesedectromagnetic gauges) across
lifts on the project having multiple lifts with trsame mix design (OR 18)

N/A N/A N/A N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

40f 10
(table B11)

1of10
(table B15)

40f 10 1of 10
(table B11) (table B15)

40f 20
(table B20)

N/A

N/A N/A

40f 20
(table B20)
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6.3.2.2 Summary of comparisons across lifts on thes project

Section 3.2 provides information on the experinaadign for this project; i.e., to

answer the second research question which is lasvil

“For projects incorporating different mix designs fiadividual lifts (e.g., use of a rich
binder base), is there a significant differenceMeein nuclear gauge calibration factors

for the different mixtures?”

As indicated in Section 3.3.2, the first lift hadddferent mix design than the
other lifts of the base course. For the purposansfvering the above research question,
densities and samples were only obtained fromiteednd second lift of the base course
of this project. The results presented in thisieaatvere derived from comparisons of the
various adjustment factors between the two liftstluie project. The adjustment factors
were the averages of differences between denslédased from various tests on cores
and densities measured from various gauges. Aga@npurpose of these comparisons
was to determine if the adjustment factors on dfheduld be used on another lift with a
different mix design on the same project. This dase by performing statistical analysis
between the adjustment factors from the two liftslétermine if they were significantly

different or not at a 95% confidence level.

Table 6.19 presents the summary of the resultseopboled t-tests comparing the
various adjustment factors between the two liftsank the table, observations indicate
that a majority of the comparisons of adjustmemtdes across the two lifts were not

significantly different from each other at a 95%fidence level.

Further, a closer observation of the results framtable B29 in the Appendix B
(used to create the summary values in table 6.4dicated that the various nuclear
gauges used on this project produced differing ltesuhen comparing the adjustment
factors between the two lifts. For the adjustmexttidrs calculated using the densities
derived from the SSD tests and the densities medsusing the nuclear gauges, the
results from 2 of the 3 nuclear gauges indicated there was a significant difference

between the adjustment factors from the two lifta 85% confidence level, whereas the
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results from the other nuclear gauge indicated thete was no significant difference
between the adjustment factors at 95% confideneel.ldor the adjustment factors
calculated using the densities derived from theeCok tests and the densities measured
using the nuclear gauges, the results from all3thiclear gauges indicated that there
was no significant difference between the adjustnf@estors from the two lifts at a 95%
confidence level. Thus, these results indicate thvatthis project, if densities from
CorelLok (in comparison to SSD) are used to obtamaverage differences on one lift,

then those average differences can be used oriitbelit as well.

Table 6.19 - Summary of results from pooled t-testwparing average differences
(difference between densities obtained from coneksrauclear gauges) across lifts on the
project having two lifts with different mix desigis5)

10 of 18
(table B29)

10 of 18
(table B29)
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6.3.2.3 Summary of comparisons across lifts on tH@R 140 project

Section 3.2 provides information on the experinaadign for this project; i.e., to

answer the third research question which is asviali

“On mill & fill (inlay) plus overlay projects, ishtere a significant difference between the

nuclear gauge calibration factors for the fill &y} material and the overlay material?”

As indicated in Section 3.3.3, this repaving projead two lifts (the inlay and the
overlay) both having the same mix design. Dersiiad samples were obtained from
these two lifts along this project. The resultsspréged in this section were derived from
comparisons of the various adjustment factors betwtbe inlay and overlay lifts. The
adjustment factors are the averages of differebheéseen densities derived from various
tests on cores and densities measured from vagauges. Again, the purpose of these
comparisons was to determine if the adjustmenbfaadn one lift could be used on the
other lift on mill and inlay projects. This was daoby performing statistical analysis
between the adjustment factors from the two liftslétermine if they were significantly

different or not at a 95% confidence level.

Table 6.20 presents the summary of the resultseopboled t-tests comparing the
various adjustment factors between the variousskfttions. In the table, since all the
cells are green, it is observed that a majorityhef comparisons of adjustment factors
between any two lift sections were not significardifferent from each other at a 95%

confidence level.

Further, a closer observation of the results froenarious tables in the Appendix
B (used to create the summary values in table Grligates that the CoreLok method
provided better results than the SSD methods. herotvords, when the differences
between the densities from the CoreLok method &eddensities from any of the 3
nuclear gauges were used to obtain the adjustraetdr§, then the comparison of these
adjustment factors between lifts were not signifibadifferent at a 95% confidence level
in all the instances. However, as seen in table BBd B32, when the differences
between the densities from the SSD method A aeddémsities from the 3 nuclear
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gauges were used to obtain the adjustment fadioescomparison of these adjustment
factors between lifts were not significantly diéet (at a 95% confidence level) for 2 of
the 3 nuclear gauges used, whereas there wasificsighdifference for the third nuclear

gauge. Also, the p-values in the tables indicated &ll three nuclear gauges provided

similar results in most of the comparisons.
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Table 6.20 - Summary of results from pooled t-testmparing average differences
(difference between densities obtained from conesraiclear gauges) across lifts on the
mill and fill (inlay) plus overlay project havingme mix design on both lifts (OR 140)

‘ : e - - i — Core
i Slice § r [ £t
Existing HMA Existing HMA Existing HMA Existing HMA

Existing HMA

Existing HMA

Existing HMA
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Table 6.21 presents the summary of the resultseopboled t-tests comparing the
adjustment factors between the various lifts. Aangj of the comparisons indicated that
there is no significant difference in adjustmenttéas between the various lifts.
However, the yellow cell in the table 6.21 indicatkat a majority of the comparisons of
adjustment factors between the first set of iniéty(140-1) and the overlay lift section

(140-2 lift 2) were significantly different from ela other at a 95% confidence level.

Further, a closer observation of the results from ‘arious related tables (table
B30 to B35) in the Appendix B used to create themmary values in table 6.21 indicates
that the CoreLok method provided better results tthee SSD method. In other words,
when the densities from the CoreLok method weral wggh those from either of the
electromagnetic gauges to obtain the adjustmenorigcthen the comparison of these
adjustment factors between lifts were not signifibadifferent at a 95% confidence level
in all the instances. However, as seen from taldé ® table B32, when the densities
from the SSD methods were used with those fron2thkectromagnetic gauges to obtain
the adjustment factors, the comparison of many hafsé adjustment factors were
significantly different at a 95% confidence levAhother observation is that, in certain
lift comparisons (as seen in table B30) the SSChoweC provided better results than the
SSD method A.
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Table 6.21 - Summary of results from pooled t-testmparing average differences
(difference between densities obtained from conesedectromagnetic gauges) across
lifts on the mill and fill (inlay) plus overlay pject having same mix design on both lifts

(OR 140)
- — z
o : Slice 1 1
Existing HMA Existing HMA Existing HMA
60f 8 20f8 30f4
; (table B30) (table B31) (table B32)
= 60f 8 10 of 10 40of 4
cors 7 (table B30) (table B33) (table B34)
Existing HMA
I 20f 8 10 of 10 40of 4
1 (table B31) (table B33) (table B35)
. 30f4 40of 4 4of 4
. (table B32) (table B34) (table B35)
Existing HMA
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6.3.2.4 Summary of comparisons based on the gaugmfprint and core extraction

location on the OR 18 project

Section 3.2 provides information on the experinaadign for this project; i.e., to

answer the fourth research question which is dgvist

“Is there a significant difference between nuclgauge calibration factors derived from
cores obtained from the corner of the overlappirggtipn of the nuclear gauge
measurement footprint (Figure 3.1) and cores obthfrom the center of the overlapping

portion of the footprint (Figure 3.2)?”

As indicated in Section 3.2, samples and measuresmgare taken from the
project with three lifts having the same mix desiffpR 18). The samples and
measurements were taken from the ‘L-shaped’ amas&shaped’ footprints on a single
lift. The results presented in this section wereveel from comparisons of the various
adjustment factors between the ‘L-shaped’ and ttress-shaped’ footprints on this
project. The adjustment factors are the averagekffefrences between densities derived
from various tests on cores and densities meaduoed various gauges. Again, the
purpose of these comparisons was to determineeietivas a difference between the
adjustment factors measured using the ‘L-shapedl*@oss-shaped’ footprints. This was
done by performing statistical analysis between d@dgistment factors from the ‘L-
shaped’ and ‘cross-shaped’ footprints to deternifitleey were significantly different or

not at a 95% confidence level.

Table 6.22 presents the summary of the resultseopooled t-tests comparing the
various adjustment factors between the ‘L-shaped’ the ‘cross-shaped’ footprints. In
the table, since all the cells are green, it iseol=d that a majority of the adjustment
factors between any two lift sections were not gicgmtly different from each other at a
95% confidence level. This suggests that the aafj@ist factor is not influenced by the
location of the core provided that it is obtainedhin the overlapped region of the

nuclear gauge measurements.
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Further, a closer observation of the results froerelated table (table B36) in the
Appendix B used to create the summary values itet&t22 indicated that the various
methods of testing cores to derive the densitiewige similar results when used to
calculate the adjustment factor and when compaet@den two lifts. The results from
comparisons of adjustment factors between the dpsd’ and the ‘cross-shaped’
footprints were the same (at a 95% confidence )Jeragardless of which method of
testing cores was used to derive the density oéscoin other words, irrespective of
whether the CoreLok method was used or whetheS®E methods were used, all the
results were not significantly different at a 95%nfidence level. Thus, no conclusive
evidence was obtained to suggest that a partiteséing method on cores was preferable
to the other testing methods. Another observatsthat irrespective of which nuclear
gauge was used, a majority of the results weresigoificantly different between nuclear

gauges.

Table 6.22 - Summary of results from pooled t-testmparing average differences
(difference between densities obtained from conesrauclear gauges) between the cross-
shaped and the L-shaped footprint on the projedangamultiple lifts with the same mix

design (OR 18)

1 1

[

b2

12 of 12
(table B36)

[aS]

12 of 12
(table B36)

]
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6.3.3 Summary

An adjustment factor is the average difference betwthe densities from a
particular nuclear gauge and the densities fromardiqular core testing method. This
adjustment factor is used to adjust the nucleaggalensity measurements on that lift.
To identify if these adjustment factors can be useddjust density measurements made
on another lift on the same project, the primarjective of interest is the results of the

comparisons between the various adjustment faatomng the various lifts.

Overall, comparisons of most of the adjustmentdiegcbetween most of the lifts
indicated that no significant difference is obsenat a 95% confidence level. However,
comparisons of adjustment factors between certigndn some projects indicated that
there were significant differences at a 95% comfa#e level. For the project having
multiple lifts with same mix design (OR 18), a mdy of the adjustment factors
between the third set of the first lift (18-3 liff and the remaining lifts were significantly
different at a 95% confidence level. Also, a madjodf the adjustment factors (obtained
using densities from nuclear gauges but not ele@gmetic gauges) between the first set
of second lift (18-2 lift 2) and the third lift sien (18-3 lift 3) were significantly
different at a 95% confidence level. Another impattobservation on OR 18 indicates
that the results of the comparisons of the variadisistment factors between lifts were
the same (at a 95% confidence level) irrespectiwehich method of testing was used on
OR 18. This is also true when comparing the varadjsstment factors between the ‘L-
shaped’ and ‘cross-shaped’ footprints on OR 18gmtojHowever, on the OR 140 and I-5
projects, although a majority of the comparisonsadfustment factors between the
various lifts indicated no significant differencas a 95% confidence level, a closer
observation revealed that the adjustment factotaimdd using the CoreLok method were
not significantly different between lifts in morases than those obtained using the SSD
methods. While the adjustment factors between treltk method and the gauges were
not significantly different between lifts irrespeet of which nuclear or electromagnetic
gauge was used, the adjustment factors betweeS83bemethods and the gauges were
not significantly different between lifts only whesertain nuclear or electromagnetic
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gauges were used. This was clearly observed iegd29 to table B32 (i.e., summary of

p-value results comparing lifts on the I-5 projant also on the OR 140 project).

6.4 Summary of observation from all data analysesgsformed

From the paired t-tests comparing the densitiesftbe various methods of

measurements on the various projects, certain compiiservations were made as

follows:

1. Overall, on most of the lifts on all the projecsnajority of the densities from the

various tests on cores were significantly differémm each other at a 95%

confidence level.

. On the new pavement construction project havingtipial lifts with same mix
design (OR 18), a majority of the densities derifredh the various tests on cores
were significantly different from those of nuclegauge measurements at a 95%
confidence level. This is also true for the bottlifitnof the project with different
mix designs (I-5); but, this is not true for the idt. This is also true for the inlay
and overlay lifts when the SSD method A was usedbtaining the densities of
the lifts. However, on the top lift of the I-5 peajt, on the repaving project (OR
140) when CoreLok method and SSD method C were, ws®di on the project
having ‘L-shaped’ and ‘cross-shaped’ measurememitpfits, there is no
significant difference between the densities delivieom the various tests on
cores and the densities measured from the nuckaageg at a 95% confidence

level.

. On OR 18, a majority of the comparisons on a mgjaf the lifts indicated that
the densities derived from the CoreLok or SSD nashwere not significantly
different from the densities measured using thetelenagnetic gauges at a 95%
confidence level. However, on the OR 140 projealy dhe densities from the

CoreLok method and those from the nuclear gaugese wet significantly
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different at a 95% confidence level; for the SSDthod, the results were

inconclusive.

. Overall, a majority of the comparisons on the OR 1B projects, and on the
inlay lift of OR 140 indicated that the densitigsrh the various nuclear gauges
were significantly different from each other at%#® confidence level. However,
a majority of the comparisons on the overlay lit @R 140 and on the ‘L-
shaped’ and ‘cross-shaped’ footprint indicated thatdensities from the various
nuclear gauges were not significantly differentnirceach other at a 95%

confidence level.

. On all projects, it was commonly observed that @werage density of any lift
obtained using the average of 4 nuclear gauge merasats at every location
was not significantly different from the averagensigy of the lift obtained using

the average of 2 nuclear gauge measurements.

. A majority of the comparisons on OR 18 indicatet tttee densities from the

various nuclear gauges were significantly differéoim the densities obtained
from the electromagnetic gauges at a 95% confidéecel. On OR 140, the

results from the comparisons on the overlay liftlicated that there was

significant difference between the densities fréma huclear gauges and the PQI
300 but not the PQI 301; whereas, on the inlay, liftere was significant

difference between the densities from the nucleaiggs and the PQI 301 but not
the PQI 300.

. On the third (top) lift on the OR 18 project and bath lifts on the OR 140

project, the density measurements from the PQI86de always significantly

different from those of the PQI 300 electromagnegitige at a 95% confidence
level. However, on the second (middle) lift of tdR 18 project, the density
measurements from the PQI 301 were not signifigatifferent from those of the

PQI 300 electromagnetic gauge at a 95% confidezwa. |
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8. On the OR 18 project and the OR 140 project, théste measurements from
the PQI 301 were significantly different from thoskthe PQI 300 at a 95%

confidence level.

9. For the PQI 301, the density and moisture measuresmen a sanded surface
were not significantly different (at 95% confidenlexel) from the density and
moisture measurements without sand. However, ®P®I 300, the density and
moisture measurements on a sanded surface welécsigtly different (at 95%

confidence level) from the density and moisture sneaments without sand.

From the pooled t-tests comparing the averagerdiffees (between the densities from
the various tests on cores and the densities fhanvarious gauges) between the various

lifts for all the projects, certain common obseimas were made as follows:

1. Comparison of adjustment factors between almodifisllon the OR 18, OR 140,
and I-5 projects and also between ‘L-shaped’ anos%shaped’ footprints on the
OR 18 project indicated that a majority of the athiuent factors were not
significantly different at a 95% confidence levBbome of the exceptions are as

follows:

a. On OR 18, a majority of the adjustment factors carad between the
third set of first lift (18-3 lift 1) and the renmang lifts were significantly

different at a 95% confidence level.

b. Also, a majority of the adjustment factors (diffieces between core
densities and nuclear gauge densities) comparedebatthe first set of
second lift (18-2 lift 2) and the third lift sectio(18-3 lift 3) were
significantly different at 95% confidence level.

c. In contrast, the adjustment factors (differencesvben core densities and
electromagnetic gauge densities) compared betweefirst set of second
lift (18-2 lift 2) and the third lift (18-3 lift 3)were not significantly
different at a 95% confidence level.
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2. Another common observation on all projects was,tivata vast majority of
instances, the results of the comparisons of adgst factors were similar
irrespective of the gauge used. In other wordsgaillges (whether nuclear or
electromagnetic) produced similar results moshefttme. So, if particular results
were obtained from the comparisons of adjustmeribfa between two lifts on a
project using a Troxler nuclear gauge, most of tthree, similar results will be
observed from the comparisons of adjustment fadi@tsveen those two lifts
using some other nuclear gauge or even an electyoetia gauge. However, for
the electromagnetic gauges, better results weagrast when measurements were
taken in an un-sanded condition than when measuntsmeere taken in a sanded
condition (as seen in tables B19 and B20 in Appem)i In these tables, the
adjustment factors that utilized electromagnetioggadensities taken in an un-
sanded condition were not significantly differergétween lifts, whereas the
adjustment factors that utilized electromagnetioggameasurements in sanded

condition were significantly different between dift

3. Another interesting observation from the resultshef comparisons of adjustment
factors across lifts on the various projects waat tthe adjustment factors
calculated utilizing CoreLok densities were notndigantly different (at 95%
confidence level) in more cores than adjustmentofacthat utilized densities

from SSD methods. More specifically:

a. On the OR 140 project and the I-5 project, while #djustment factors
(difference between CoreLok density and gauge tgnsvere not
significantly different between lifts irrespectivef which nuclear or
electromagnetic gauge was used, the adjustmemtréabetween the SSD
methods and the gauges were not significantly idiffebetween lifts only

when certain nuclear or electromagnetic gauges ussad.

b. Even on the OR 18 project, for the adjustment factibtained between
core densities and electromagnetic gauge densthese were a greater
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number of instances where the adjustment factoed tliilized the
CoreLok densities were not significantly differeas compared to
instances where the SSD methods were used.
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7.0 DISCUSSION OF RESULTS

In accordance with the experimental design that dexeloped to answer the
research questions, field and laboratory studiee wenducted and statistical analyses
were performed on the data collected. This datengmily included the bulk specific
gravity and density obtained from the field andolatory studies. Various analyses were
performed on the data and the findings were preseint chapters four through six; the
majority of the findings were presented in chagigr This chapter provides a discussion
of the results obtained from the field and labamatstudies in continuation with the

results from the various statistical analyses.

7.1 Results obtained to answer the research questi®

In summary, the first research question was aimashderstanding if there is a
significant difference in adjustment factors betwelge various lifts of a pavement with
the same mix design. The second research questisraimed at understanding if there is
a significant difference in adjustment factors begw the various lifts of a pavement with
different mix designs. The third research questias aimed at understanding if there is
significant difference in adjustment factors betwebe lifts (both with the same mix
design) of a pavement that underwent a mill andyirdperation. The fourth research
guestion was aimed at understanding if there iggaifcant difference in adjustment
factors when cores were extracted from the coresmof-shaped’ footprint as opposed to

the center of a ‘cross-shaped’ footprint.

Before discussing the results, it should be redalleat the adjustment factors,
which were compared between the various lifts, veatgust between the nuclear gauges
and cores but also between the electromagneticegaagd cores for each of the lifts.
Besides that, it must also be noted that the nucigaige measurements used to
determine the adjustment factors were the densisesy the average of 2 nuclear gauge
readings per location and densities using the geed 4 nuclear gauge readings per

location. The densities from the electromagneticggs, used in the calculation of
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adjustment factors, were the densities from theamesof five readings per location. The
densities from the cores used to calculate thesadent factors were obtained from the
CoreLok method, SSD Method A, and SSD Method Gtédte SSD method A test was
performed three times on the cores from most oflifite first, it was performed at
Oregon State University, then it was performed WA® personnel in their lab, and
finally it was performed again at Oregon State @msity so that the final SSD mass and

submerged mass could be obtained before SSD méthests were performed.

A majority of the results from the comparisons dfustment factors between lifts
are similar irrespective of the project from whitle results were obtained; this indicates
that there is a common answer to all the reseatsstopns. However, some of the
adjustment factors were better than others (hey tvere not significantly different in a

greater number of cases.

7.1.1 Results obtained to answer the first researajuestion

The discussion of results to answer the first nedequestion (i.e., “Is it necessary
to determine nuclear gauge calibration factorsefach lift of hot mix asphalt (HMA)
placed in multiple lifts with the same mix desigor feach lift?”) is provided in the

following paragraphs.

Based on the analysis results, there is substatidénce to suggest that it is not
necessary to obtain the adjustment factors (avetdfpeence between the nuclear gauge
densities and various core densities) on eacbfli& pavement with the same mix design
provided that, the adjustment factors are obtaiaedthe first lift (bottom lift). The
adjustment factors obtained from the first lift hbe used on the second lift as well as
the third lift provided that the nuclear gauge wascontact with the first lift for the
purposes of determining the adjustment factor. Hameadjustment factors obtained
from the second lift should not be used on thedthift of the combined lifts and vice
versa because a majority of the adjustment factomspared between these two lifts were
significantly different at a 95% confidence levAlso, the adjustment factors obtained

from the cores of the first lift when the nucleauges measurements were made on the
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top (third) lift should not be used on any othérthbecause these adjustment factors were
significantly different from the adjustment factatmany of the remaining lift sections
at a 95% confidence level.

This is evidence to indicate that the gauge measemés and in turn, the
adjustment factors are possibly influenced by thptldl of the pavement. It also indicates
that the gauge measurements and adjustment facwossibly influenced by the effect
of underlying layers. On a side note, the measunésnand samples taken from the
second and third lifts were within the stationsnirevhich measurements and samples
were taken from the first lift; whereas there was overlap in stations between the
measurements and samples taken from the secorahdifthose taken from the third lift

(as seen in figure 3.2).

Also, it was inconclusive as to whether the adjesitfactors utilizing CorelLok
method with nuclear gauges were better or worse tha adjustment factors utilizing
SSD methods with nuclear gauges. In other words, rédsults from the comparison
between lifts of adjustment factors utilizing th@r€Lok method were similar to the
results from the comparisons between lifts of adpemt factors utilizing the SSD

methods at a 95% confidence level.

In contrast to the adjustment factors that utilizectlear gauge densities, the
adjustment factors that utilized electromagnetioggs (average difference between the
electromagnetic gauge densities and various comsitils) obtained on the second lift
were not significantly different from similar adjusent factors obtained on the third lift
at a 95% confidence level. Even the adjustmentofacfrom the first lift were not
significantly different from those of the secondtloird lift at 95% confidence level. This
is evidence to suggest that, on this project, thgustment factors that utilized
electromagnetic gauge densities could be used ae fifts than the adjustment factors
that utilized nuclear gauge densities. Only thpistchent factors from the third set of

first lift (18-3 lift 1) could not be used on anther lift because these adjustment factors
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were significantly different from the adjustmenttiars of many of the remaining lift

sections at 95% confidence level.

Another observation from the results of comparisoinadjustment factors on this
project was that, the adjustment factors utilizitegsities from the CoreLok method with
densities from electromagnetic gauges could be osethore number of lifts than the
adjustment factors utilizing densities from the S®ikthods with densities from
electromagnetic gauges. This is because the adjustfactors utilizing the CoreLok
method were not significantly different between emoaumber of lifts in comparison to
adjustment factors utilizing SSD method (particlyldhe lifts compared in table B11,
B20, B26, and B28 in Appendix B).

Also, the electromagnetic gauge measurements takemn-sanded condition
produced better results than those taken in sacdledition (i.e., adjustment factors that
utilized electromagnetic gauge measurements takenwhe pavement locations were
un-sanded were not significantly different in moxember of lift comparisons at a 95%
confidence level than adjustment factors that aedi electromagnetic gauge
measurements taken when the pavement locations seeréed). This is observed in
tables B19 and B20 in Appendix B. Thus, this iglenice to suggest that electromagnetic
gauges produce more desirable readings when the@t locations are not sanded. In
other words, when electromagnetic gauge measursmeataken in the absence of sand,
the adjustment factors that are obtained on ohéuking average of differences between
these measurements and densities from tests og) aae be used to adjust the densities

measured by these electromagnetic gauges on dthexd well.

Finally, no evidence was found to suggest that efertromagnetic gauge
provided better results than another. The re$udta the paired t-tests indicated that the
measurements from the PQI 300 were significantifedint from the PQI 301 on third
lift but not on second lift and that the measuret®enade in sanded condition using an
electromagnetic gauge were significantly differéram measurements made in un-

sanded condition at a 95% confidence level. Howetlex results of comparisons of
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adjustment factors obtained from the PQI 300 wérest always equal to the results of
comparisons of adjustment factors obtained from RIgd 301. In fact, although the

paired t-tests indicated that the PQI 301 was ectftl by sand and the PQI 300 was
affected by sand, it was the presence or absensanof that caused variability in results

of comparisons of adjustment factors as seen iesd®il9 and B20 in Appendix B.

7.1.2 Results obtained to answer the second resdaiguestion

The discussion of results to answer the secondargsequestion “For projects
incorporating different mix designs for individudts (e.g., use of a rich binder base), is
there a significant difference between nuclear gacajibration factors for the different

mixtures?” is provided in the following paragraphs.

Based on the analysis results, there is substatidénce to suggest that there is
no significant difference (at a 95% confidence lpbetween a majority of the nuclear
gauge adjustment factors (average difference betvwlee nuclear gauge densities and
various core densities) from the different mixtures, two lifts having different mix

designs.

However, a closer observation of the results froentable B29 in the Appendix B
(used to create the summary values in table 6.1angwer this research question)
indicated that the various nuclear gauges usedisnptoject produced differing results

when comparing the adjustment factors betweenvibditts.

For the adjustment factors calculated using th&eidihce between the densities
derived from the CorelLok tests and the densitieasmed using the nuclear gauges, the
analyses results from all the 3 nuclear gaugescateld that there was no significant
difference (at 95% confidence level) between thedjestment factors from the bottom

lift and similar adjustment factors from the tofp. li

However, for the adjustment factors calculated gisive difference between the
densities derived from the SSD tests and the dessiteasured using the nuclear gauges,
the analyses results from 2 of the 3 nuclear gaugksated that there was a significant
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difference (at 95% confidence level) between thedjestment factors from the bottom

lift and similar adjustment factors from the tofp; lwhile, 1 nuclear gauge indicated that
there was no significant difference (at 95% conickelevel) between these adjustment
factors from the bottom lift and similar adjustméaattors from the top lift.

Thus, these results indicated that on this projédaensities from CoreLok (in
comparison to SSD) were used to obtain the adjudtfaetors on one lift, then those
adjustment factors could be used on the otheafwell, despite the two lifts having
different mix designs. In other words, the adjusiiictors utilizing CoreLok method
with nuclear gauges was better than the adjustrfaetdrs utilizing SSD method with

nuclear gauges.

7.1.3 Results obtained to answer the third researafuestion

The discussion of results to answer the third mesegquestion, “On mill & fill
(inlay) plus overlay projects, is there a significaifference between the nuclear gauge
calibration factors for the fill (inlay) materiahd the overlay material?” is provided in

the following paragraphs.

Based on the analysis results, there is substawidénce to suggest that there is
no significant difference (at 95% confidence levmjween the adjustment factors for the

inlay lift sections and the adjustment factorstfa overlay lift sections.

The adjustment factors (average difference betwkemuclear gauge densities
and various core densities) obtained from the inifdysections could be used on the
overlay lift sections and vice versa (as seenhbieté.20 which summarizes tables B30 to
B35 in Appendix B). A majority of the comparisonsamljustment factors between any
two lift sections were not significantly differelmbm each other at 95% confidence level.
Thus, it is not necessary to obtain the adjustrfeartiors (average difference between the
densities from nuclear gauges and densities frosts ten cores) on every lift of
reconstructed pavement (mill and inlay with oveylayth same mix design provided

that, the adjustment factors are obtained on at @ae lift section.
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A closer observation indicates that when the adjast factors (which are
calculated using the differences between the deadiom the CoreLok method tests and
the densities from the nuclear gauges) are compartdte adjustment factors (which are
calculated using the differences between the deasitom the SSD methods and the
densities from the nuclear gauges), the formersaajent factors provide better results
than the latter adjustment factors. In other womdeen the differences between the
densities from the CoreLok method and the densitm®s any of the 3 nuclear gauges
were used to obtain the adjustment factors, thenctmparison of these adjustment
factors between lifts were not significantly diget at 95% confidence level in all the
instances. However, as seen in table B31 and BB2nwhe differences between the
densities from the SSD methods and the densites the 3 nuclear gauges were used to
obtain the adjustment factors, the comparison esehadjustment factors between lifts
were not significantly different at 95% confidenkeel only for 2 of the 3 nuclear
gauges used; the adjustment factors obtained wkengifference between the densities
from the SSD method A and those from the third eaclgauge were significantly
different between the lifts compared in tables B&tl B32. Another observation from the
related tables in the Appendix B (comparing theowes adjustment factors between the
various lift sections) indicated that all three leac gauges provided similar results in

most of the comparisons.

Similar to the nuclear gauge adjustment factorg @hectromagnetic gauge
adjustment factors (average difference betweerdémsities from the tests on cores and
the densities from the electromagnetic gauges)irdarom the inlay lift sections could
be used on the overlay lift sections and vice vdi@a seen in table 6.21 which
summarizes tables B30 to B35 in Appendix B). Thiy exception is that the adjustment
factors (calculated using the differences betwéerdensities from the SSD methods and
the densities from the electromagnetic gauges)mmddgrom the first set of first lift (140-
1) were significantly different from similar adjunsént factors obtained on the second lift
section (140-2 Lift 2) at 95% confidence level. Hower, the adjustment factors

(calculated using the differences between the teadrom the CoreLok method and the
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densities from the electromagnetic gauges) obtdiroed the first set of first lift (140-1)
were not significantly different from similar adjusent factors obtained on the second
lift section (140-2 Lift 2) at 95% confidence level

When the adjustment factors (which are calculatdguthe differences between
the densities from the CoreLok and the densitiesfthe nuclear gauges) were compared
to the adjustment factors (which are calculatechqisihe differences between the
densities from the SSD methods and the densite@s the nuclear gauges), the former
adjustment factors provided better results than later adjustment factors. In other
words, when the differences between the densities the CoreLok method and the
densities from both the electromagnetic gauges weser to obtain the adjustment
factors, then the comparison of these adjustmentorfs between lifts were not
significantly different at 95% confidence level all the instances between all the lift
comparisons (tables B30 to B35). However, as seetables B30 to B32, when the
differences between the densities from the SSD odethand the densities from both the
electromagnetic gauges were used to obtain thestadgunt factors, the comparison of
these adjustment factors between lifts were sicguifily different at 95% confidence
level. Another observation from the related talteséppendix B is that the comparisons
of the adjustment factors between the various déttions indicated that both the
electromagnetic gauges provided similar resultsnost of the comparisons, especially
when the CoreLok method was used (instead if the 8f®thods). This is evidence to
suggest that the CoreLok method is more suitabén tthe SSD method since the
adjustment factors obtained from the CoreLok dgnsdlues were not significantly
different between more number of lift comparisotigs, these adjustment factors could

be used to adjust the electromagnetic gauge desisiti more number of lift sections.

7.1.4 Results obtained to answer the fourth resedrquestion

The discussion of results to answer the fourth axede question, “Is there a
significant difference between nuclear gauge calibn factors derived from cores

obtained from the corner of the overlapping portadrnthe nuclear gauge measurement
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footprint (Figure 3.1) and cores obtained from dkater of the overlapping portion of the

footprint (Figure 3.2)?” is provided in the follomg paragraphs.

Based on the analysis results, there is strongeaeelto suggest that there was no
significant difference (at 95% confidence level)tvibeen nuclear gauge adjustment
factors derived from cores obtained from the coroethe overlapping portion of a
nuclear gauge measurement footprint (Figure 3.tl)cmes obtained from the center of

the overlapping portion of another nuclear gaugasueement footprint (Figure 3.2)

The results from the comparison of adjustment facfatilizing CoreLok method)
between the footprint measurements as indicatédjuine 3.1 were similar to the results
of the comparison of adjustment factors (utiliz&@§D methods) between the footprint

measurements as indicated in figure 3.2.

Another observation was that both the nuclear gapgeduced similar results in
the comparisons of their respective adjustment ofactbetween the footprint

measurements as indicated in figure 3.1 and fi§.2e

7.1.5 Results obtained to answer the fifth researatuestion

The discussion of results to answer the fifth redeguestion, “ODOT currently
allows use of the saturated surface-dry (SSD) ntetbo determining the bulk specific
gravity of a core even if the water absorption loé tcore is greater than 2%. Is it

appropriate to continue to allow this?” is providedhe following paragraphs.

Based on the literature studies, for fine and aansces (with water absorption
greater than 0.4%), the density results from théomatic Vacuum Sealing method are
more accurate than those from the saturated sudigcenethod. At high water
absorption levels (greater than 0.4%), low dersitiew levels of compaction, and lower
level of gyration, the AASHTO T 166 overestimaths tlensity. This answers the fifth
research question and provides evidence to sutfggthe SSD method must not be used
at water absorption levels of 2% and instead, tbeelk method should be used as

recommended.
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7.2 Summary comparing results obtained from the vdous projects

Every project was selected for answering a padicuésearch question. It is
interesting to note the various similarities aniedences that were observed between the
various results obtained from the various projestsliscussed in the following sections.

7.2.1 Similar results obtained from the various prgects

The results can be summarized as follows:

1. Results from all the projects indicated that themxe no significant differences
(at a 95% confidence level) for most of the adjwesttfactors compared between

most of the lifts.

2. A majority of the nuclear and electromagnetic gaugevided similar results in
the comparison of their adjustment factors betwden In other words, the result
obtained from one particular nuclear gauge adjustrfector compared between
two lifts is similar to the result obtained fromather nuclear gauge adjustment
factor compared between two lifts. The results frim@ comparisons of nuclear
gauge adjustment factors between most of thedifsalso similar to the results
from the comparisons of electromagnetic gauge &dgrst factors.

3. On all the projects, the adjustment factors utiizihe densities from the CoreLok
method could be used on more lifts than the adjestnfactors utilizing the
densities from the SSD methods. This is becausdottmer adjustment factors
were not significantly different (at 95% confidentavel) between more lift

comparisons than the latter adjustment factors.

4. On all the projects, the average densities obtaifrech 4 nuclear gauge
measurements at every location on a lift were gutificantly different (at a 95%
confidence level) from the average densities obthifrom 2 nuclear gauge

measurements at every location on the same lift.
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5. A majority of the densities from the nuclear gaugesre almost always
significantly different from the densities from tk&ctromagnetic gauges at 95%

confidence level.

7.2.2 Differing results obtained from the various pojects

The results can be summarized as follows:

1. While the nuclear gauge adjustment factors utitjzoreLok method densities
provided similar results as the nuclear gauge aast factors utilizing SSD
method densities on the OR 18 project, the elecipmatic gauge adjustment
factors utilizing CoreLok method densities providedtter results (i.e., not
significantly different at 95% confidence level imore number of lift
comparisons) than the electromagnetic gauge ad@mtiiactors utilizing SSD

method densities on the OR 18 project.

2. On the I-5 project and the OR 140 project, the earcbr electromagnetic gauge
adjustment factors utilizing CoreLok method deesitprovided better results (i.e.,
not significantly different at 95% confidence level more number of lift
comparisons) than the gauge adjustment factoiginglSSD method densities.

3. Although the overall results comparing the densitim the various tests on
cores indicate that they are significantly diffdrdrom each other at a 95%

confidence level, a closer observation revealddhewing:

a. On OR 18, on almost all the lifts, the densitiearfrthe CoreLok method
were not significantly different from the densitiesm the SSD method A
at a 95% confidence level.

b. On I-5 and on the cross-shaped footprint (as sedéigure 3.2), a majority
of the densities from the various methods of tests cores were

significantly different from each other at a 95%fidence level.
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c. On OR 140 and on the ‘L-shaped’ footprint (as seeffigure 3.1), a
majority of the densities from the CoreLok methoergvnot significantly
different from the densities from the SSD methodt@ 95% confidence

level.

d. Also, on OR 140, the results from the overlay aathposite pavements
indicate that the densities from the CoreLok metivede not significantly
different from the densities from the SSD metho&tA95% confidence
level. However, the results from the inlay lift 8ens (140-1 and 140-2
lift 1) indicate that the densities from the CorkLonethod were
significantly different from the densities from t8&D method A at a 95%

confidence level.

4. On the OR 18 project and on the first lift of I-foject, the densities from the tests
on cores were significantly different from the dées from the nuclear gauges at
95% confidence level. On the second lift of the pbject, the OR 140 project,
and on the footprints (figures 3.1 and 3.2) on@fe 18 project, the densities from
the various tests on cores were not significaniffigient from the densities from

the nuclear gauges at a 95% confidence level.

5. On the OR 18 project, the densities from the Cokedvad SSD methods on cores
were not significantly different from the densitié@®m the electromagnetic
gauges at a 95% confidence level. Also, on thelaydift of the OR 140 project,
the densities from the CoreLok method on cores wetesignificantly different
from the densities from the electromagnetic gaugke®5% confidence level.
However, on the inlay lift of the OR 140 projedtietdensities from the CorelLok
method were significantly different from the derestfrom the PQI method at a

95% confidence level.

6. On the OR 18 project, I-5 project, the inlay lift the OR 140 project, the
densities from the various nuclear gauges werefgigntly different from each

other at a 95% confidence level. However, on therlay lift of the OR 140
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project and on the measurement from the two footpron OR 18 project, the
densities from the nuclear gauges were not sigmtig different from each other
at a 95% confidence level.

7. On the third (top) lift of the OR 18 project and tme OR 140 project, the
densities from the PQI 301 electromagnetic gaugee vegynificantly different
from the densities from the PQI 300 electromagngticge at a 95% confidence
level. However, on the second (middle) lift of &R 18 project, the densities
from the PQI 301 electromagnetic gauge were sicpnitily different from the
densities from the PQI 300 electromagnetic gauge%i% confidence level.

7.2.3 Other significant results obtained from the dta analyses

These results can be summarized as follows:

1. The density and moisture measurements obtainethéoy QI 300 in the sanded
condition were significantly different (at 95% caténce level) from those in the
un-sanded condition. However, the density and m@sineasurements obtained
by the PQI 301 in the sanded condition were natiBaantly different from those
in the un-sanded condition. In other words, the BQD is influenced by sand

whereas; the PQI 301 is not influenced by sand.

2. When comparing the electromagnetic gauge adjustfaetdrs between lifts, the
influence of sand on the results of the comparisdresdjustment factors between
lifts is more than the influence of the type ofattemagnetic gauge (whether PQI
300 or PQI 301) on the results of the comparisdredpustment factors between
lifts. This is observed in tables B19 and B20.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

The objectives of this study (as described in secti.2) were to develop
recommendations for improved HMA density measuramasing nuclear gauges,
recommendations for alternate ways to measure Higidsidy, and recommendations for
the optimal system for quantifying dense-graded HM@Ansity (which could be a
combination of measurements using nuclear gauges céimer means). In order to
accomplish these objectives certain research gquessijprovided in section 3.1) were
developed. Some of the objectives were addressedgh these research questions. The
various findings from the literature studies andnirthe analysis of the data collected
were used to answer these research questions &ulfllitohese objectives.

To fulfill the first objective, the various methoad measurement of in-place
density were investigated. Oregon department afsprartation (ODOT) uses nuclear
gauges for QC and QA purposes and, to verify nuctgaige results and for core
correlation purposes the AASHTO T 166 method isestomres used. To fulfill the second
objective, current practices utilized by ODOT toas@re in-place density were described
as a part of the literature studies. To fulfill tterd objective, the results from the
analyses of field and lab data were summarizedhenprevious chapters and five of the
eight research questions were answered. Basedese tindings, the conclusions and
recommendations have been written to fulfill thertb and fifth objectives.

It should be noted that the findings from this eesh project are limited by
various factors and are bounded in their scopeagptication. The findings only apply to
dense-graded hot mix asphalt pavements. Data wamel from only one project each
for three types of pavement construction projetttsy were new pavement construction
project with multiple lifts having same mix desigmw pavement construction project
having different mix designs, and rehabilitatiorojpct (mill and inlay with overlay)
having same mix design. Based on the findings frtva data, conclusions and

recommendations have been made for those pavemestraction project types; if more
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projects were investigated for each of those typiepavement construction projects,
stronger evidence could have been obtained to suplpe findings. The findings are

based on data obtained from certain nuclear ga{igeszler) and electromagnetic gauges
(Pavement Quality Indicator) used by Oregon Depantnof Transportation and could

thus be limited in their scope to these gauges.ofhother limitation is that these

findings may not apply to gauges from other manuf&es. Thus, the conclusions and
recommendations are only applicable to dense-gréédmix asphalt pavements, the
projects investigated, and the gauges used.

8.1 Conclusions
Based on the various findings, the conclusionsar®llows:

1. Based on substantial evidence, nuclear gauge nmeasaots need to be
adjusted to core density values to obtain morerateuesults. In other words,
nuclear gauge measurements not adjusted to costylemlues will most

likely produce inaccurate results.

2. It is sufficient to take two nuclear gauge densiwadings rather than four
readings at a given location. The readings shoeldden as indicated in

figure 3.1.

3. No changes need to be made to the procedures ye®0OT for calibration
and operation of a nuclear gauge (which are desttiitn ODOT TM 304 and
WAQTC TM 8). In other words, the nuclear gauge mhset operated in
backscatter mode, the density readings must bex@mainute duration each,

and the gauge must be rotated 90° keeping the @todeonstant location.

4. Cores extracted for the purpose of obtaining amsddjent factor to adjust
nuclear gauge density values, should be extracteoh fthe overlapping
portion of the gauge footprint. The location of tbere can be anywhere
within the overlapping portion of the gauge footysi
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5. While taking two readings at a given location usinguclear gauge, there is
no significant difference in results when the gatamprints are as indicated
in figure 3.1 and when they are as indicated inrkg3.2. Thus, either method
can be used to obtain two readings.

6. Literature studies indicate that the CoreLok metpomlides a more accurate
measure of density than the SSD methods (AASHT@®A) at high air void
content (greater than 8%), high water absorptioel$e (greater than 0.4%),
low gyration levels, and coarse mixes. Thus, unitkse conditions, the
CoreLok method should be used instead of the SSthauds.

7. Electromagnetic gauges can possibly replace nugaages to measure in-
place density of pavements for quality control msgs. This conclusion is
based on the evidence from the results from tha datlyses (paired and

pooled t-tests).

8. The densities obtained from electromagnetic gawges adjusted using the
CorelLok densities should be used because thesstadint factors provided
the best results in comparison to adjustment faaitlizing nuclear gauges or
AASHTO T 166 (SSD methods). In other words, themfer adjustment
factors were not significantly different in moré komparisons than the latter

adjustment factors.

9. Electromagnetic gauge densities might not evenirecadjustment to core
densities (i.e., unlike nuclear gauges) becauserdbkalts from these two
methods of measurement were not significantly ckfié at 95% confidence

level.

10.The electromagnetic gauges should be used in theamled condition rather

than in the sanded condition.

11.The PQI 301 is not significantly affected by sandnmwisture whereas; the

PQI 300 is significantly affected by sand and moist
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12.The PQI 301 should be used instead of the PQI 3ti&wneasuring in-place

density of dense-graded hot mix asphalt pavements.

13.0n new pavement construction project having mugtildts with same mix
design, the core adjustment factors that are obdaie adjust the nuclear
gauge densities need not be obtained on everyTlfe adjustment factors
should only be obtained on the bottom (first) Wherein, the nuclear gauge is
in direct contact with the bottom lift core beingtracted. These adjustment
factors can be used on at least the next two awerllifts which have
thickness of two to three inches each. The adjustrfeetors obtained from
the second or third lift cannot be used on ovegpifts. This is because the
results indicate that the gauge densities are Iplgsaifected by the depth of

measurement and the underlying layers.

14.0n new pavement construction project having twts liith different mix
designs, the core adjustment factors should onlyolb&ined on one |lift
wherein, the gauge is in direct contact with tHievihose core densities will

be used to obtain adjustment factors.

15.0n mill and fill pavement construction project withio lifts having same mix
design, the core adjustment factors should onlyob&ined on one lift
wherein, the gauge is in direct contact with tHievihose core densities will

be used to obtain adjustment factors.

16.The CoreLok procedure for obtaining core densityusth be used instead of
the AASHTO T 166 (SSD methods) while obtaining cadgustment factors
because it provides stronger evidence for use dhiptedlifts. In other words,
the CoreLok adjustment factors were not signifiadifferent in more lift
comparisons than the AASHTO T 166 adjustment factor
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8.2 Recommendations

Based on the various findings from the literaturedes and the results and

conclusions from the research project, the follguiacommendations can be made:

1. The nuclear gauge calibration procedure implemebte®DOT (which are
described in ODOT TM 304) can continue to be usé@towt it undergoing
any changes.

2. It is strongly recommended that the nuclear gaugesity measurements
should be adjusted to core densities (based omljastement factor) to obtain

a more accurate in-place density.

3. The adjustment factor utilized to adjust the gawgnsities should be
calculated according to the procedure describedODOT TM 327 or
WAQTC TM 8 except that the following changes areoramended to the

procedures:

a. Densities from at least ten cores should be usedhtain the

adjustment factor on every lift,

b. The CoreLok method should be used to test the dostead of the
AASHTO T 166 (SSD methods),

c. The high and low values of the ratio (calculatedagtordance with
ODOT TM 327) or the highest average difference &gkalculated as
described in WAQTC TM 8) if the standard deviatisrgreater than
2.5 pcf should not be discarded while calculatimg tore adjustment

factor to adjust the gauge densities.

4. The adjustment factors that are calculated utigjzime nuclear gauge should
not be used to adjust the densities from any atlielear gauge on the same

lift or on another lift.
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. ODOT should strongly consider adopting the Corebwdthod of measuring
density instead of the SSD methods.

. In contrast to literature studies, the electroméigngauges show significant
promise and could possibly entirely replace nuctgarges for measuring in-
place pavement density. A more extensive studyl@ectremagnetic gauges is
strongly recommended so that it can be used folitgw@ntrol and quality

assurance in the measurement of in-place densityenge-graded hot mix

asphalt pavements.

. Itis recommended that ODOT adopt the electromagigeiuges as the viable
option to nuclear gauges (pending further study) especially if they adopt

CoreLok densities to adjust electromagnetic gawgyesities.

. The use of the PQI 300 electromagnetic gauge shmultiscontinued because
it is affected by sand and moisture and insteadr laodels like the PQI 301

should be used as a replacement.

. It should be made mandatory to obtain the coresaaljent factors on at least
the first lift if not the next two subsequent lift¢ should be emphasized that
these core adjustment factors can be used onsttleanext two subsequent
lifts (having thickness of two to three inches @aithespective of the mix

design or type of the dense graded pavement beimgfrticted.
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APPENDIX

(Results from pooled t-tests)
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The p-values in the following table suggest tha thfferent nuclear gauges
provide differing results when the average diffeess (between the densities from the
SSD methods and the densities from the nuclearegdwaye compared between the two
lifts. In other words, all the average differen¢bstween the densities from the control
gauge and the densities from other methods of measunt) do not differ significantly
between the two lifts at 90% level of confidenceevdas, the average differences
(between the SSD results and the other nuclearegased) differ significantly between
the two lifts even at 97% level of confidence. Amat observation is that the average
differences (between the densities from the Coredott the densities from the nuclear
gauges) do not differ significantly between the tfts even at a level of confidence as
low as 56%; and this result stays consistent igespe of the nuclear gauge used.
Overall, at 95% level of confidence, a majoritytbé p-values (10 of 16) from the table
indicate that there is no significant differencévien the average differences compared
between the two lifts.

Hypothesis for the pooled t-test at 95% level affatence:
True mean ‘average difference’ from the first sefirst lift (115 and true mean ‘average
difference’ from the first set of second liftgx

Ho: H1a- Hoa=0

Ha Hia- Moa# 0

X, = X -
Test:t =—2—22 ; where s=pooled standard deviation

s,/ Y

Table Al — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-1 and 18-2 Lift 2 on the projecting multiple lifts with same mix design

(Troxler (Troxler (Troxler
3430 # 3430 # 3440 # PQlI 300 PQI 300 PQI 301 PQl 301
30860) 38806) 25714)

Average difference compared
Pooled t- | Pooledt- | Pooled t-

test (p- test (p- test (p- (sand) (no sand) (sand) (no sand)
value) value) value)

Corelok - gauge (avg of 4 readings) 0.7962 0.5941
Corelok - gauge (avg of 2 readings) 0.6527 0.4424

SSD Method A (before APAO) - gauge (avg of 4 readings) 0.2398 0.0250
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.3997 0.0139
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.1162 0.0003
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.2048 0.0003

SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings) 0.3829 0.0050
SSD Method C- gauge (avg of 2 readings) 0.5075 0.0035
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The p-values in the following table suggest that dlrerage differences (between
the densities from the SSD method the densities fitve nuclear gauge) do not differ
significantly between the two lifts at 76% levelaanfidence. Another observation is that
the average differences (between the densities therCorelLok and the densities from
the nuclear gauge) do not differ significantly beén the two lifts only at 97% level of
confidence. Overall, at 95% level of confidencenaority of the p-values (7 of 8) from
the table indicate that there is no significantedénce between the average differences
compared between the two lifts.

Hypothesis for the pooled t-test at 95% level affatence:

True mean ‘average difference’ from the first sefirst lift (u1a) and true mean
‘average difference’ from the third lift (13):

Ho: Hia- M3 =0
Ha: |Jla' l-13?50

X, — X
Test:t =—2—=2: where g=pooled standard deviation
5,/

Table A2 — p-values from the pooled t-tests commuptine various average differences
across lifts 18-1 and 18-3 Lift 3 on the projecting multiple lifts with same mix design

(OR 18)
-
S —
(Troxler (Troxler (Troxler
3430 # 3430 # 3440 # PQl 300 PQl 300 PQl 301 PQl 301
Average difference compared 30860) 38806) 25714)
Pooled t- | Pooledt- | Pooled t-
test (p- test (p- test (p- (sand) (no sand) (sand) (no sand)
value) value) value)
Corelok - gauge (avg of 4 readings) 0.0323
Corelok - gauge (avg of 2 readings) 0.0646
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.2470
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.5548
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.5848
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.9606
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings) 0.1542
SSD Method C - gauge (avg of 2 readings) 0.3397
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromctres and the densities from the
nuclear gauges) are significantly different betwebe two lifts at 94% level of
confidence in 17 of 20 comparisons. However, whendverage of two nuclear gauge
readings are taken instead of four to calculate aherage differences (between the
densities from the control gauge and the densifresn the other methods of
measurements on the cores), it can be observedhé is no significant difference
between the average differences of the two lif@586 level of confidence.

For the electromagnetic gauges, the p-values ifdhewing table suggest that
the average differences (between the densities frentores and the densities from the
electromagnetic gauges) do not differ significarigtween the two lifts at a level of
confidence as low as 65% (in 9 of 10 comparisoRse}.the same average differences
compared between the two lifts, it must be noted #ithough both the electromagnetic
gauges provide similar results, the PQI 301 pravisteonger evidence than the PQI 300
of not being significantly different between theotlifts i.e., the level of confidence was
as low as 63%.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from first set of setdift (U9 and true mean
correlation factor from third lift (p):

Ho: Hoa- M3 =0
Ha H2a- M3 # 0

X, = X
Test:t =—22—2; where g=pooled standard deviation
s,/ v

Table A3 — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-2 Lift 2 and 18-3 Lift 3 on the jct having multiple lifts with same mix
design (OR 18)

I AggregateBoser ' AgEregateBase "
(Troder | (Troxler | (Troxder | o0 300 | b1 300 (no | PQi 301 |PQi 301 (no
34304 34304 34404 (sand) sand) (sand) sand)
Average difference compared 30860 38806 25714)

Pooled t- | Pooled t- | Pooledt- | Pooledt- | Pooledt- [ Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)

Corelok - gauge (avg of 4 readings) 0.0029 0.0071

0.7448 06352
CorelLok - gauge (avg of 2 readings) 0.0158 0.0617

SSD Method A (before APAO) - gauge (avg of 4 readings) | 0.0108 0.0222 — —
SSD Method A (before APAO) - gauge (avg of 2 readings) | 0.0170 0.1530

SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0042 0.0081 - —
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0274 0.0656

SSD Method A (APAO) - gauge (avg of 4 readings) 0.0156 0.0281 — —
SSD Method A (APAO) - gauge (avg of 2 readings) 0.0546 0.1415

SSD Method C- gauge (avg of 4 readings) 0.0028 0.0051 04723 08501

SSD Method C- gauge (avg of 2 readings) 0.0192 0.0380
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The p-values in the following table are evidenceirtdicate that the average
differences (between the densities from the variests on cores and the densities from
the two nuclear gauges) do not differ significarattya level of confidence as low as 86%.
This is true for all the 16 comparisons made. Arotibservation is that both the nuclear
gauges provide similar results when the averaderdifces (between the densities from
the various tests on cores and the densities floennuclear gauges) are compared
between the two lifts.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from first set of ffilfft (1) and true mean
correlation factor from second set of first lift; (u

Ho: M1a- Mo =0

Ha: Mi1a- l-llb?é 0

X, - X -
Test:t =—2—%; where g=pooled standard deviation

5,/

Table A4 — p-values from the pooled t-tests commuptine various average differences
across lifts 18-1 and 18-2 Lift 1 on the projecting multiple lifts with same mix design

1
T Agavegatesaw | Agmregate Base.
(Troxler (Troxler (Troxler
PQI 300 |PQI 300 (no PQI 301 PQl 301 (no

3430 # 3430 # 3440 #

(sand) sand) (sand) sand)
) 30860) 38806) 25714)

Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-

test (p- test (p- test (p- test (p- test (p- test (p- test (p-

value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.2822 0.6973
Corelok - gauge (avg of 2 readings) 0.2465 0.8136
SSD Method A (before APAQ) - gauge (avg of 4 readings) 0.9237 0.4282
SSD Method A (before APAQ) - gauge (avg of 2 readings) 0.9486 0.3514
SSD Method A (after APAQ) - gauge (avg of 4 readings) 0.4022 0.1661
SSD Method A (after APAQ) - gauge (avg of 2 readings) 0.5108 0.1418

SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)

SSD Method C- gauge (avg of 4 readings) 0.4739 0.2091
SSD Method C - gauge (avg of 2 readings) 0.5811 0.1773
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The p-values from the following table suggest tthegt different nuclear gauges
provide differing results when the average diffeess (between the densities from the
SSD methods and the densities from the nuclearegdwaye compared between the two
lifts. In other words, all the average differen¢bstween the densities from the control
gauge and the densities from other methods of measunt) do not differ significantly
between the two lifts at 86% level of confidenceevdas, the average differences
(between the SSD results and the other nuclearegased) differ significantly between
the two lifts even at 97% level of confidence. Amat observation is that the average
differences (between the densities from the Coredott the densities from the nuclear
gauges) do not differ significantly between the tfts even at a level of confidence as
low as 86%; and this result stays consistent igetspe of the nuclear gauge used.
Overall, at 95% level of confidence, a majoritytbé p-values (6 of 8) from the table
indicate that there is no significant differencévieen the average differences compared
between the two lifts.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of ffilfft (119 and true mean
correlation factor from combination of first andcead lifts (pi2):

Ho: M1a- M12=0

Ha: Hia- 127 0

X — X -
Test:t =—2——2: where s=pooled standard deviation
s,/

Table A5 — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-1 and 18-2 uncut on the projecirigamultiple lifts with same mix design

(OR 18)
T Rgreiain 01e et S
(Troxler (Troxler (Troxler
34304 34304 3440 # PQI 300 |PQI 300 (no PQI 301 [PQI 301 (no
) 30860 | 38806) | 25714 | (52" sand) fsand} sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.1911 0.7661
Corelok - gauge (avg of 2 readings) 0.1406 0.9259
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.2359 0.0236
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.4005 0.0217
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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The p-values in the following table suggest that dlrerage differences (between
the densities from the various tests on cores haddensities from the nuclear gauge)

differ significantly between the two lifts even33% level of confidence. This is true for
all the 8 comparisons made.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from first set of ffilfft (19 and true mean
correlation factor from third set of first lift {:

Ho: Hia- fuc=0

Ha Hia- Muc# 0

Xa— X
Test:t =—2—2; where s=pooled standard deviation
s,/ Vn

Table A6 — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-1 and 18-3 Lift 1 on the projecting multiple lifts with same mix design
(OR 18)

_ 4 “ !

L
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0006
Corelok - gauge (avg of 2 readings) 0.0020
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0052
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0085
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0001
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0005
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings) 0.0002
SSD Method C- gauge (avg of 2 readings) 0.0007
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The p-values in the following table suggest that dlrerage differences (between
the densities from the SSD method the densities fitve nuclear gauge) do not differ

significantly between the two lifts at 67% level @dnfidence. This is true for all the 8
comparisons made.

Hypothesis for the pooled t-test at 95% level aifatence:

True mean correlation factor from first set of ffilfft (119 and true mean
correlation factor from first set of second lift,Qu

Ho: H1a- H2a=0

Ha Hia- Moa# 0

X~ X
Test:t =—2—22: where s=pooled standard deviation
s, /n

Table A7 — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-1 and 18-3 Lift 2 on the projecting multiple lifts with same mix design

(OR 18)
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.3303
Corelok - gauge (avg of 2 readings) 0.4659
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.5296
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.7181
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.7699
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.9511
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings) 0.7849
SSD Method C- gauge (avg of 2 readings) 0.9606
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The p-values in the following table suggest that@oreLok and the SSD tests on
cores provide differing results when the averadieminces (between the densities from
the tests on cores and the densities from the augauge) are compared between the
two lifts. In other words, all the average diffecen (between the densities from the
CoreLok and the densities from the nuclear gaugérdsignificantly between the two
lifts even at 99% level of confidence; whereas, #verage differences (between the
densities from the SSD test and the densities ftoennuclear gauge) do not differ
significantly between the two lifts at a level @fididence as low as 62%.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of ffilfft (115 and true mean
correlation factor from combination of first, sedpm@nd third lifts (J23):

Ho: Hia- H123=0

Ha: Mi1a- H123# 0

Xy — X
Test:t =—2——=2 where s=pooled standard deviation
5,/

Table A8 — p-values from the pooled t-tests conmuptine various average differences
across lifts 18-1 and 18-3 uncut on the projeciramultiple lifts with same mix design

i
T Agirepate 83 Pgaregate st
(Troxler (Troxler (Troxler
PQI 300 |PQI 300 (no PQI 301 PQl 301 (no
3430 # 3430 # 3440 #
(sand) sand) (sand) sand)
) 30860) 38806) 25714)
Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0004
Corelok - gauge (avg of 2 readings) 0.0013
SSD Method A (before APAQ) - gauge (avg of 4 readings) 0.3835
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.6426
SSD Method A (after APAQ) - gauge (avg of 4 readings)
SSD Method A (after APAQ) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence as low as 58%. This is tareall the 30 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at a level of confidence as low as 64%is is true for all the 10 comparisons
made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from second set dt fiift (11,) and true mean
correlation factor from first set of second lift,Qu

Ho: Hib - H2a=0

Ha Hib - Hoa# O

Xy — X
Test:t =—2—22; where g=pooled standard deviation
5,/Vn

Table A9 — p-values from the pooled t-tests conmgatine various average differences
across lifts 18-2 Lift 1 and 18-2 Lift 2 on the ct having multiple lifts with same mix
design (OR 18)

-Wte‘ .I!-is’e_::‘:\ wn’"ﬂaiilf ]
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.3075 0.3074 0.3622 0.2646 0.3230
Corelok - gauge (avg of 2 readings) 0.2863 0.3400 0.3824
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.4620 0.4541 0.5119 0.3683 0.4348
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.4218 0.4894 0.5314
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.9100 0.8687 0.8167 0.8670 0.9451
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.9799 0.8405 0.7927
SSD Method A (APAO) - gauge (avg of 4 readings) 0.8194 0.7731 0.7326 0.9984 0.9461
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.8751 0.7612 0.7135
SSD Method C - gauge (avg of 4 readings) 0.8194 0.8531 0.9312 0.5912 0.6892
SSD Method C- gauge (avg of 2 readings) 0.7386 0.8998 0.9654
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence as low as 55%. This is tareall the 12 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the

densities from the electromagnetic gauges) do iftdr dsignificantly between the two

lifts even at a level of confidence as low as 6a%is is true for all the 4 comparisons
made.

Overall, the results are similar irrespective & gauge used.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from second set dt fiift (11,) and true mean
correlation factor from combination of first andcead lifts (pi2):

Ho: b - H12=10

Ha 1o - H12# 0

Test:t =22~ where g=pooled standard deviation
5,/Vn

Table A10 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 1 and 18-2 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

i

©. ‘AggregateBase | | AggregateBase "
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.8176 0.8153 0.8421 0.7828 0.8080
Corelok - gauge (avg of 2 readings) 0.8009 0.8256 0.8509
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.4938 0.4926 0.5611 0.4046 0.4787
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.4532 0.5156 0.5867
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) differ signifibabetween the two lifts even at 97%
level of confidence. This is true for all the 20hquarisons made.

For the electromagnetic gauges, the p-values irfdlh@wing table suggest that
the CoreLok and the SSD tests on cores provideerdiff results when the average
differences (between the densities from the testcares and the densities from the
electromagnetic gauge) are compared between thelitiso In other words, all the
average differences (between the densities fronCireLok and the densities from the
nuclear gauge) do not differ significantly betwete two lifts even at 92% level of
confidence; whereas, the average differences (lesiwiee densities from the SSD test
and the densities from the nuclear gauge) difigmicantly between the two lifts even at
a level of confidence as high as 98%.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from second set dt fiift (11,) and true mean
correlation factor from third set of first lift {:

Ho: Hip - H1c =0

Ha: Mib - l-allc?E 0

Xy — X
Test:t =—2——": where g=pooled standard deviation
S

Table A1l — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 1 and 18-3 Lift 1 on the mct having multiple lifts with same mix
design (OR 18)

' '
T RGaeqate 8350 T Agaregate B3
(Troxler (Troxler (Troxler
PQI 300 |PQI 300 (no PQI 301 |PQI 301 (no
3430 # 3430 # 3440 #
(sand) sand) (sand) sand)
) 30860) 38806) 25714)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- [ Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
CoreLok - gauge (avg of 4 readings) 0.0082 0.0141 0.1768 0.1019
CoreLok - gauge (avg of 2 readings) 0.0100 0.0347
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0046 0.0093 0.1736 0.0848
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0061 0.0242
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0002 0.0005 0.0065 0.0044
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0002 0.0021
SSD Method A (APAO) - gauge (avg of 4 readings) 0.0005 0.0009 0.0086 0.0056
SSD Method A (APAO) - gauge (avg of 2 readings) 0.0005 0.0033
SSD Method C- gauge (avg of 4 readings) 0.0004 0.0007 0.0104 0.0068
SSD Method C - gauge (avg of 2 readings) 0.0004 0.0028
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence as low as 73%. This is tareall the 20 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at a level of confidence as low as 87%is is true for all the 10 comparisons
made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from second set dt fiift (11,) and true mean
correlation factor from second set of second [lif,):

Ho: Hip - Hob =0

Ha Hib - Hob# 0

Xp = X
Test:t :% ; where g=pooled standard deviation
n

Sp

Table A12 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 1 and 18-3 Lift 2 on the jct having multiple lifts with same mix
design (OR 18)

TRewete s Agarae e
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.8243 0.9955 0.1766 0.4169
Corelok - gauge (avg of 2 readings) 0.9002 0.7807
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.3828 0.5397 0.4029 0.7891
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.4197 0.7860
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.2849 0.3996 0.6869 0.9299
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.3043 0.6019
SSD Method A (APAO) - gauge (avg of 4 readings) 0.2712 0.3867 0.6866 0.9120
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.2904 0.5869
SSD Method C - gauge (avg of 4 readings) 0.3338 0.4528 0.6467 0.9896
SSD Method C- gauge (avg of 2 readings) 0.3557 0.6562
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts at a
93% level of confidence. This is true for all tHé @mparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at a level of confidence as low as 83%is is true for 9 of 10 comparisons
made. The average difference between the densites the SSD method A and the
densities from the PQI 300 differs significantlytlween the 2 lifts even at 97% level of
confidence.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from second set dt fiift (11,) and true mean
correlation factor from third lift (p):

Ho: M1p-Hs=0

Ha: P - s # 0

Xy, — X
Test:t =—2——2: where g=pooled standard deviation
A

Table A13 — p-values from the pooled t-tests comngathe various average differences
across lifts 18-2 Lift 1 and 18-3 Lift 3 on the at having multiple lifts with same mix
design (OR 18)

2 i
i 'AggregateBase'- | Aggregate Base
(;‘;E'Zr (;‘;E'Zr (;;%I Z' PQI 300 [PQI300(no| PQI301 |PQl301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.4860 0.6859 0.1673 0.5123
Corelok - gauge (avg of 2 readings) 0.5691 0.9857
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.2475 0.4164 0.0264 0.1524
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.3019 0.7627
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.1445 0.2279 0.5162 0.9481
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.1703 0.4523
SSD Method A (APAO) - gauge (avg of 4 readings) 0.2099 0.3230 0.3981 0.8965
SSD Method A (APAO) - gauge (avg of 2 readings) 0.2483 0.5887
SSD Method C- gauge (avg of 4 readings) 0.0743 0.1143 0.9557 0.5961
SSD Method C - gauge (avg of 2 readings) 0.0830 0.2463
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometsts on cores and the densities from
the nuclear gauges) are compared between the tiwolh other words, all the average
differences (between the densities from the Coreduwodt the densities from the nuclear
gauges) differ significantly between the two lidits89% level of confidence; whereas, the
average differences (between the densities fronB®8 test and the densities from the
nuclear gauges) do not differ significantly betwelea two lifts at a level of confidence
as low as 70%.

For the electromagnetic gauges, the p-values irfdlh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the
densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts even at a level of confidence as low as 71W%is is true for all 4 comparisons made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from second set dft fiift (11,) and true mean
correlation factor from combination of first, sedomnd third lifts (J23):

Ho: Map - 123 =0

Ha: Mib - Ma23# 0

Xy — X
Test:t =—2——2: where g=pooled standard deviation
5,/

Table A14 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-2 Lift 1 and 18-3 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

i AggregateBase | | AggregateBase

(;";O'i’ (;";O'i’ (;‘ZXO";’ PQI300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0246 0.0404 0.5203 0.2955
Corelok - gauge (avg of 2 readings) 0.0306 0.1089
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.3029 0.4533 0.3981 0.8037.
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.3732 0.7572
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) differ signiftbabetween the two lifts even at a
level of confidence as high as 99%. This is trueafbthe 20 comparisons made.

For the electromagnetic gauges, the p-values ifdl@wing table suggest that
the average differences (between the densities fre@warious tests on cores and the
densities from the electromagnetic gauges) difigmiBcantly between the two lifts at a
level of confidence of 92%. This is true for alethO comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of setdift (U9 and true mean
correlation factor from third set of first lift {:

Ho: Hic- H2a=0

Ha: |ch - l-12a?E 0

a

X=X
Test:t =———2: where s=pooled standard deviation
s /n

Table A15 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 2 and 18-3 Lift 1 on the jct having multiple lifts with same mix
design (OR 18)

S|
f \
TRegse s T Aguresate sae
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0006 0.0011 0.0442 0.0187
Corelok - gauge (avg of 2 readings) 0.0010 0.0029
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0003 0.0008 0.0588 0.0232
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0006 0.0032
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0000 0.0000 0.0049 0.0010
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0000 0.0000
SSD Method A (APAOQ) - gauge (avg of 4 readings) 0.0000 0.0000 0.0071 0.0018
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.0000 0.0001
SSD Method C - gauge (avg of 4 readings) 0.0000 0.0000 0.0154 0.0033
SSD Method C - gauge (avg of 2 readings) 0.0000 0.0001
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence of 89%. This is true forthkk 20 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at a level of confidence as low as 68%is is true for all the 10 comparisons
made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from first set of setdift (U9 and true mean
correlation factor from second set of second [lif,):

Ho: H2a- Hop =0

Ha: H2a- poo# O

2b

Xpe = X
Test:t :2""/—\/_; where g=pooled standard deviation
n

Sp

Table A16 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 2 and 18-3 Lift 2 on the jct having multiple lifts with same mix
design (OR 18)

B =3
i, AggregateBase)” | - Aggregate Base)
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.2360 0.3677 0.5625 0.9637
Corelok - gauge (avg of 2 readings) 0.2736 0.6110
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.1141 0.2058 0.8344 0.6971
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.1251 0.3886
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.1735 0.2633 0.5855 0.9666
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.2205 0.4411
SSD Method A (APAO) - gauge (avg of 4 readings) 0.1354 0.2127 0.6833 0.8574
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.1727 0.3706
SSD Method C - gauge (avg of 4 readings) 0.3226 0.4513 0.3684 0.7327
SSD Method C- gauge (avg of 2 readings) 0.4042 0.6692
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometsts on cores and the densities from
the nuclear gauges) are compared between the tiwolh other words, all the average
differences (between the densities from the Coreduwodt the densities from the nuclear
gauges) differ significantly between the two ldits99% level of confidence; whereas, the
average differences (between the densities fronB®8 test and the densities from the

nuclear gauges) do not differ significantly betwebe two lifts at a 96% level of
confidence.

For the electromagnetic gauges, the p-values irfdlh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the
densities from the electromagnetic gauges) do iftardcsignificantly between the two
lifts at a 94% level of confidence. This is true &l 4 comparisons made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from first set of getdift (L2 and true mean
correlation factor from combination of first, sedpmnd third lifts (J23):

Ho: Hoa- H123=0

Ha: M2a- H123# 0

X, — X
Test:t =—2—=2 where s=pooled standard deviation
s,/vn

Table A17 — p-values from the pooled t-tests comngathe various average differences
across lifts 18-2 Lift 2 and 18-3 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

T Rgweme e | Agaresate e

(Troxler (Troxler (Troxler

PQI 300 |PQI300(no| PQI301 |PQI301(no

A 3322:) :g:g; 22:(1):; (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0000 0.0001 0.1019 0.0309
Corelok - gauge (avg of 2 readings) 0.0002 0.0007
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0419 0.0935 0.8249 0.6714
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0700 0.2790

SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)

SSD Method C - gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence as low as 55%. This is tareall the 12 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the

densities from the electromagnetic gauges) do iftdr dsignificantly between the two

lifts even at a level of confidence as low as 48%is is true for all the 4 comparisons
made.

Overall, the results are similar irrespective & gauge used.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from first set of setdift (U9 and true mean
correlation factor from combination of first andcead lifts (pi2):

Ho: H2a- H12=0

Ha Hoa- M12# 0

Test:t=222_~12 where s=pooled standard deviation
s,/ Vn

Table A18 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 Lift 2 and 18-2 uncut on the pobdjhaving multiple lifts with same mix
design (OR 18)

¢ ‘Aggregate Base:- | Aggregate Base '
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.1701 0.1312 0.1708 0.2580 0.2108
Corelok - gauge (avg of 2 readings) 0.1472 0.1793 0.2099
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.8866 0.8800 0.8980 0.8703 0.8851
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.8736 0.8977 0.9035
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) differ signiftbabetween the two lifts at a 92% level
of confidence. This is true for all the 20 companis made.

For the electromagnetic gauges, the p-values ifdlh@wing table suggest that
the presence or absence of sand on the surfate ¢bcations provides differing results
when the average differences are compared betveetwb lifts. In sanded condition,
the p-values in the following table suggest tha #verage differences (between the
densities from the various tests on cores and #resities from the electromagnetic
gauges when the locations were sanded) differ fetgnily between the two lifts at 97%
level of confidence. This is true for all the 10hqmarisons made. In un-sanded condition,
the p-values suggest that the average differengewtldiffer significantly at 92% level
of confidence. This is true for all the 10 companis made.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from third set of tfitgt (ui) and true mean
correlation factor from second set of second [lif,):

Ho: Hic- Moo =0

Ha Mic- Moo # 0

X, — X L
Test:t =—<——2; where g=pooled standard deviation
s,/v/n

Table A19 — p-values from the pooled t-tests comngathe various average differences
across lifts 18-3 Lift 1 and 18-3 Lift 2 on the jct having multiple lifts with same mix
design (OR 18)

' '
(;Z;B';' g;‘;’g;’ (;;‘Z’gir PQI 300 |PQI300(no| PQI301 |Pal301(no
) 30860) 38806) as71a) | (s2nd) sand) fsand) sand)
Average difference compared
Pooled t- [ Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0179 0.0212 0.0298 0.1477 0.0296 0.1482
Corelok - gauge (avg of 2 readings) 0.0181 0.0273
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0523 0.0636 0.0697 0.2545 0.0682 0.2578
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0541 0.0742
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0155 0.0201 0.0143 0.2959 0.0151 0.2960
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0135 0.0275
SSD Method A (APAO) - gauge (avg of 4 readings) 0.0161 0.0224 0.0137 0.0903 0.0140 0.0870
SSD Method A (APAO) - gauge (avg of 2 readings) 0.0146 0.0288
SSD Method C - gauge (avg of 4 readings) 0.0125 0.0168 0.0133 0.0933 0.0136 0.0915
SSD Method C - gauge (avg of 2 readinis) 0.0109 0.0225
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) differ signifibabetween the two lifts even at 98%
level of confidence. This is true for all the 20hquarisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) difigmiBcantly between the two lifts at a
level of confidence of 94%. This is true for 1826f comparisons made.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from third set of ffitdt (L1 and true mean
correlation factor from third lift (p):

Ho: Hic- M3 =0

Ha: ch'l—h?ﬁo

X, = X
Test:t =—<——2; where s=pooled standard deviation
s,/

Table A20 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-3 Lift 1 and 18-3 Lift 3 on the jct having multiple lifts with same mix
design (OR 18)

B :
i AgaregateBesel | Aggregate Base
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0099 0.0107 0.0317 0.0547 0.0304 0.0564
Corelok - gauge (avg of 2 readings) 0.0133 0.0138
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0116 0.0142 0.0094 0.0170 0.0088 0.0183
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0168 0.0169
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0000 0.0000 0.0009 0.2795 0.0010 0.2797
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0001 0.0003
SSD Method A (APAOQ) - gauge (avg of 4 readings) 0.0001 0.0001 0.0013 0.0014 0.0014 0.0010
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.0002 0.0007
SSD Method C - gauge (avg of 4 readings) 0.0002 0.0009 0.0043 0.0081 0.0046 0.0091
SSD Method C - gauge (avg of 2 readings) 0.0008 0.0022
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometsts on cores and the densities from
the nuclear gauges) are compared between the fiwolh other words, all the average
differences (between the densities from the Coreduodt the densities from the nuclear
gauges) do not differ significantly between the tfts even at a level of confidence as
low as 71%; whereas, the average differences (leetvlee densities from the SSD test

and the densities from the nuclear gauges) diffgrificantly between the two lifts at a
95% level of confidence.

For the electromagnetic gauges, the p-values ifdlh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the

densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts at a 93% level of confidence. This is true &l 8 comparisons made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from third set of tfitgt (ui) and true mean
correlation factor from combination of first, sedpm@nd third lifts (Jd23):

Ho: Hic - M123=0
Ha: Mic- H123# 0

Xe— X
Test:t =—<——=2 where s=pooled standard deviation
5,/v/n

Table A21 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-3 Lift 1 and 18-3 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

:
n !

T Rearegaie e Raarogate B
(;';2' ‘;r g;‘;ﬁi' g;%' Zr PQI 300 [Par300(no| Par3o1 |Pal301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.2952 0.3175 0.4326 0.4888 0.4404 0.5090
Corelok - gauge (avg of 2 readings) 0.3197 0.3306
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0252 0.0374 0.0760 0.1205 0.0753 0.1443
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0360 0.0416
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromver@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
a level of confidence as low as 36%. This is tareall the 20 comparisons made.

Even for the electromagnetic gauges, the p-valndbke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at a level of confidence as low as 87¥is is true for all the 20 comparisons
made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from second set obsddift (L) and true mean
correlation factor from third lift (p):

Ho: Mop-Hs =0

Ha Pob- M3 # 0

X, = X
Test:t =—2—=2: where g=pooled standard deviation
5,/Vn

Table A22 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-3 Lift 2 and 18-3 Lift 3 on the jct having multiple lifts with same mix
design (OR 18)

i AgregateBuser’ | aggregateBase!
(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.7191 0.7286 0.7137 0.7439 0.7190 0.7404
Corelok - gauge (avg of 2 readings) 0.7169 0.7389
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.9177 0.9228 0.3126 0.1363 0.3197 0.1337
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.9171 0.9261
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.9638 0.9651 0.9639 0.5373 0.9643 0.5299
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.9634 0.9664
SSD Method A (APAO) - gauge (avg of 4 readings) 0.8085 0.8175 0.8102 0.4368 0.8118 0.4269
SSD Method A (APAQ) - gauge (avg of 2 readings) 0.8072 0.8236
SSD Method C - gauge (avg of 4 readings) 0.6495 0.6609 0.6498 0.8442 0.6531 0.8408
SSD Method C- gauge (avg of 2 readings) 0.6448 0.6708
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fronCireLok and the densities from the

nuclear gauges) differ significantly between the thifts at 91% level of confidence.
However, the average differences (between the tesmigiom the SSD and the densities

from the nuclear gauges) do not differ significgriietween the two lifts even at a level
of confidence as low as 3%.

Even for the electromagnetic gauges, the p-valngke following table suggest
that the average differences (between the densitesthe various tests on cores and the

densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts even at 92% level of confidence. This is tfaeall the 8 comparisons made.

Overall, at 95% level of confidence, all the comgams made in the following
table indicate that there is no significant diffeze between the average differences of the
two lifts.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from second set obsddift (L) and true mean
correlation factor from combination of first, sedpm@nd third lifts (Jd223):

Ho: Hap - 123 =0
Ha: Mob - Pa23# 0

X, = X
Test:t =—2—=2 where g=pooled standard deviation
s,/v/n

Table A23 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-3 Lift 2 and 18-3 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

. -
4 [
(;Z’;g :r (;Z;’g :r (;;'Z’gir PQI 300 [PaI300(no| PaI301 |Pal301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0606 0.0654 0.0838 0.3295 0.0832 0.3141
Corelok - gauge (avg of 2 readings) 0.0609 0.0847
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.9857 0.9867 0.9943 0.6577 0.9848 0.6936
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.9779 0.9896
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)

SSD Method C - gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometsts on cores and the densities from
the nuclear gauges) are compared between the tiwolh other words, all the average
differences (between the densities from the Coreduodt the densities from the nuclear
gauges) differ significantly between the two lidits97% level of confidence; whereas, the
average differences (between the densities fronB®8 test and the densities from the
nuclear gauges) do not differ significantly betwebe two lifts even at a level of
confidence as low as 13%.

For the electromagnetic gauges, the p-values ifdlh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the
densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts at 94% level of confidence. This is true &l 8 comparisons made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from third liftjyand true mean correlation factor
from combination of first, second, and third liftsi23):

Ho: M3 - Ma23 =0
Ha: U3 - 1237 0

>z3 — >_(123 .
Test:t =———=; where g=pooled standard deviation

s,/

Table A24 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-3 Lift 3 and 18-3 uncut on the pobjhaving multiple lifts with same mix
design (OR 18)

(Troxter |- (Troxler { (Troxer | o0 300 {oor 300 (no | Pai 301 |Pai 301 (no
3430 # 3430 # 3440 #
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0086 0.0069 0.0638 0.0835 0.0622 0.0792
Corelok - gauge (avg of 2 readings) 0.0215 0.0105
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.9051 0.8741 0.3128 0.2419 0.2981 0.2725
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.9277 0.9164
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometts on cores and the densities from
the nuclear gauges) are compared between the fiwolh other words, all the average
differences (between the densities from the Coreduodt the densities from the nuclear
gauges) differ significantly between the two liksen at 99% level of confidence;
whereas, the average differences (between the t@sn$iom the SSD test and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts at 97%
level of confidence.

For the electromagnetic gauges, the p-values ifdlh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the
densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts at 87% level of confidence. This is true k4 comparisons made.

Overall, the results are similar irrespective & gauge used.
Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from combination e$tfiand second lift (j2) and
true mean correlation factor from combination oftfisecond, and third lifts {gy):

Ho: H12 - H123=0
Ha: M12 - Pu23# 0

Xp— X
Test:t =—%—=2; where s=pooled standard deviation
5,/

Table A25 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-2 uncut and 18-3 uncut on the ptdjaving multiple lifts with same mix
design (OR 18)

(Troxler (Troxler (Troxler
PQI 300 |PQI 300 (no PQI 301 [PQI 301 (no

) ;gz(e)(:; z;zg:) ;:3(;:) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0008 0.0012 0.3260 0.1338
Corelok - gauge (avg of 2 readings) 0.0014 0.0085
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0330 0.0880 0.7514 0.7316
SSD Method A (before APAOQ) - gauge (avg of 2 readings) 0.0611 0.2743

SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)

SSD Method C - gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) differ signifibabetween the two lifts even at 98%
level of confidence. This is true for all the 8 quanisons made.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the

densities from the electromagnetic gauges) difigmiBcantly between the two lifts at a

level of confidence of 88%. However, at 95% levietonfidence 3 out of 4 comparisons
indicate that there is no significant difference.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from combination e$tfiand second lifts ) and
true mean correlation factor from third set oftfirft (L 1c):

Ho: Hic- H12=0

Ha: Mic- P2# 0

Test:t =———; where s=pooled standard deviation
s,/ Y

Table A26 — p-values from the pooled t-tests comngathe various average differences
across lifts 18-2 uncut and 18-3 Lift 1 on the pobjhaving multiple lifts with same mix
design (OR 18)

" Agiregate i Agaregate Bye.
(Troxler (Troxler (Troxler
PQI 300 |PQI 300 (no PQI 301 PQl 301 (no
3430 # 3430 # 3440 #
(sand) sand) (sand) sand)
) 30860) 38806) 25714)
Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0021 0.0038 0.1152 0.0504
Corelok - gauge (avg of 2 readings) 0.0035 0.0102
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0006 0.0014 0.0638 0.0252
SSD Method A (before APAQ) - gauge (avg of 2 readings) 0.0013 0.0039
SSD Method A (after APAQ) - gauge (avg of 4 readings)
SSD Method A (after APAQ) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts at 88%
level of confidence.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts even at 82% level of confidence. This is tfaeall the 8 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from combination e$tfiand second lifts ) and
true mean correlation factor from second set obsddift (Lyp):

Ho: Hop - H12=10

Ha: Moo - M12# 0

- X12

Test:t =—2—2 where s=pooled standard deviation
s,/

Table A27 — p-values from the pooled t-tests comgeathe various average differences
across lifts 18-2 uncut and 18-3 Lift 2 on the pobdjhaving multiple lifts with same mix
design (OR 18)

(;Z’g i' (;‘;2' i’ (;;2’3 i' PQI 300 |PQI300(no| PQI301 |PQi301(no
) 30860) 38806) 25714) (sand) sand) (sand) sand)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.6316 0.8322 0.1897 0.4241
Corelok - gauge (avg of 2 readings) 0.7057 0.8827
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.1238 0.2190 0.7534 0.7600
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.1362 0.4120
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAOQ) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C - gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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The CoreLok and the SSD tests on cores provideerdiff results when the
average differences (between the densities frometsts on cores and the densities from
the nuclear gauges) are compared between the fiwolh other words, all the average
differences (between the densities from the Coreduodt the densities from the nuclear
gauges) do not differ significantly between the tts even at 88% level of confidence;
whereas, the average differences (between the t@sn$iom the SSD test and the

densities from the nuclear gauges) differ signiftbtabetween the two lifts at 89% level
of confidence.

For the electromagnetic gauges, the p-values ifdh@wing table suggest that
the average differences (between the densities fr@warious tests on cores and the

densities from the electromagnetic gauges) do iftardsignificantly between the two
lifts at 96% level of confidence. This is true k4 comparisons made.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from third lift jyand true mean correlation factor
from first and second lifts ():

Ho: U3 - Hi2=0
Ha M3 - H12#0

Sp

X, - X L
Test:t =————=2 where g=pooled standard deviation
/An
Table A28 — p-values from the pooled t-tests comngaihe various average differences
across lifts 18-2 uncut and 18-3 Lift 3 on the pobjhaving multiple lifts with same mix
design (OR 18)

. i 1
(Troxler (Troxler (Troxler
PQI 300 (PQI 300 (no PQI 301 PQl 301 (no
3430 # 3430 # 3440 #
(sand) sand) (sand) sand)
) 30860) 38806) 25714)
Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-
test (p- test (p- test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.1202 0.2386 0.1367 0.4840
Corelok - gauge (avg of 2 readings) 0.1893 0.6892
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0027 0.0111 0.0456 0.2843
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0079 0.1018
SSD Method A (after APAQ) - gauge (avg of 4 readings)
SSD Method A (after APAQ) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C - gauge (avg of 2 readings)
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The p-values in the following table suggest tha thfferent nuclear gauges
provide differing results when the average diffeess (between the densities from the
SSD methods and the densities from the nuclearegdwaye compared between the two
lifts. In other words, all the average differen¢bstween the densities from the Troxler
3430 # 38996 and the densities from other methddmeasurement) do not differ
significantly between the two lifts even at 59%dewuf confidence whereas, the average
differences (between the SSD results and the otherlear gauge used) differ
significantly between the two lifts even at 97%dkewuf confidence. Another observation
is that the average differences (between the demsiom the CoreLok and the densities
from the nuclear gauges) do not differ significartietween the two lifts even at 89%
level of confidence; and this result stays consisiteespective of the nuclear gauge used.
Overall, at 95% level of confidence, a majoritytbé p-values (10 of 18) from the table

indicate that there is no significant differencévien the average differences compared
between the two lifts.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of ffilfft (119 and true mean
correlation factor from combination of first andcead lifts (pi2):

Ho: H1a- Hu2=0
Ha M1a- Pi2# 0

X, — X -
Test:t =—2——: where s=pooled standard deviation
,/v/n

Table A29 — p-values from the pooled t-tests comgeathe various average differences
across lifts 5-1 and 5-2 on the project having lifte with different mix designs (I-5)

Pooled t-tests comparing correlation factors between lifts 1
and 2

(Troxler | (Troxler |(CPN MC3
34304 3430# |Portaprob
38996) | 38806) | e-7443)

Pooled t- | Pooled t- [ Pooled t-
test (p- | test(p- | test(p-
value) value) value)

Average difference compared

| SSD Method A-nuclear gauge (ave of 4 readings) 04119 | 0.0006 | 0.0194

| SSD Method A-nuclear gauge (ave of 2 readings) 06126 | 0.0014 | 0.0056

| Corelok-nuclear gauge (aveof4readings) | 08442 | 01090 | 0.1896 |
Corelok-nuclear gauge (ave of 2 readings) 09911 | 01466 | 01084 |

| SSD Method C-nuclear gauge (ave of 4 readings) 04165 | 0.0009 | 0.0272
L__SSD Method C-nuclear gauee (ave of 2 readines) 05965 00018 | 00084
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts at 93%
level of confidence.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts at 95% level of confidence. This is obserwed of 6 comparisons made.

Hypothesis for the pooled t-test at 95% level affatence:

True mean correlation factor from first set of lé/,,) and true mean

correlation factor from second set of inlgi):
Ho: lula _:ulb =0

Ha: lula _:ulb ;tO

Xa =X
Test:t=—2——" - where §= pooled standard deviation
s,/

Table A30 — p-values from the pooled t-tests comngathe various average differences
across lifts 140-1 and 140-2 Lift 1 on the mill dilb(inlay) plus overlay project having
one mix design (OR 140)

Core
Core 1
Slice -
Existing HMA Existing HMA
(Troxler (Troxler (Troxler
PQl 300 PQl 301
3440 # 3430 # 3440 #
(sand) (sand)
. 38996) 38806) 35601)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0954 0.4320 0.3462 0.9130 0.0947
Corelok - gauge (avg of 2 readings) 0.0978 0.3776 0.3901
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0752 0.4136 0.3307 0.8163 0.0190
SSD Method A (before APAQ) - gauge (avg of 2 readings) 0.0780 0.3510 0.3818
SSD Method A (after APAQ) - gauge (avg of 4 readings) 0.0699 0.4049 0.3278 0.6271 0.0337
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0680 0.3176 0.3785

SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings) 0.0505 0.2433 0.2172 0.8327 0.0772
SSD Method C- gauge (avg of 2 readings) 0.0505 0.2196 0.2896
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts at 95%
level of confidence. This is observed in 20 of &dnparisons.

However, for the electromagnetic gauges, the peslin the following table
suggest that the average differences (betweenehgttes from the various tests on cores
and the densities from the electromagnetic gaudié®x significantly between the two
lifts at 95% level of confidence. This is obserwed® of 8 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of nlé/,,) and true mean

correlation factor from overlay/{,):

Ho: Ha — Ko =0
Ha: lula _:uO 7 O
- >_(Ia — >_<o ot
Test:t =—=——=; where § = pooled standard deviation
s,/ Y

Table A31 — p-values from the pooled t-tests comngathe various average differences
across lifts 140-1 and 140-2 Lift 2 on the mill dilbd(inlay) plus overlay project having
one mix design (OR 140)

Core
2

Core T 1

Existing HMA Existing HMA

(Troxler (Troxler (Troxler PQI 300 PQI 301
3440 # 3430 # 3440 #
A 38996) 38806) 35601) (sand) (sand)
Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.1250 0.4318 0.3589 0.9404 0.1844
Corelok - gauge (avg of 2 readings) 0.1226 0.3729 0.3938
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.0023 0.9454 0.4516 0.0359 0.0011
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0065 0.6522 0.5932
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.0019 0.8799 0.4297 0.0263 0.0039
SSD Method A (after APAO) - gauge (avg of 2 readings) 0.0038 0.5489 0.5788
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings) 0.0055 0.9500 0.5635 0.0207 0.0029
SSD Method C- gauge (avg of 2 readings) 0.0107 0.6839 0.6877
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts at 95%
level of confidence. This is observed in 10 of db2nparisons.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts at 95% level of confidence. This is obserwe® of 4 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from first set of nlé/,,) and true mean

correlation factor from both lifts i.e., inlay angerlay ({4 ):
Ho: Ha = Ho =0

Ha U, — o %0

- X i
Test:t =—2——%; where § = pooled standard deviation
s,/

Table A32 — p-values from the pooled t-tests comngaihe various average differences
across lifts 140-1 and 140-2 uncut on the mill &dinlay) plus overlay project having
one mix design (OR 140)

Core 1

Existing HMA Existing HMA
(Troxler (Troxler (Troxler
PQl 300 PQl 301
3440 # 3430 # 3440 #
(sand) (sand)
) 38996) 38806) 35601)
Average difference compared
Pooled t- Pooled t- Pooled t- Pooled t- Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.0865 0.6706 0.3147 0.6341 0.1912
CorelLok - gauge (avg of 2 readings) 0.1022 0.6318 0.3458
SSD Method A (before APAO) - gauge (avg of 4readings) 0.0083 0.5240 0.1389 0.2930 0.0042
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.0116 0.4510 0.1300

SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)

SSD Method C- gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the
densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
77% level of confidence. This is observed in allc®8hparisons made.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the
densities from the electromagnetic gauges) do iftdrdsignificantly between the two
lifts at 87% level of confidence. This is obserwea@ll 10 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from second set o&yin(4{,) and true mean

correlation factor from both lifts i.e., inlay aogerlay ({4):

Ha: My — o 70
- >_<Ib — >_<o ot
Test:t =———=; where § = pooled standard deviation
s,/ Y

Table A33 — p-values from the pooled t-tests comngaihe various average differences
across lifts 140-2 Lift 1 and 140-2 Lift 2 on thdélrand fill (inlay) plus overlay project
having one mix design (OR 140)

I .
Core
Slice . .
(Troxler (Troxler (Troxler
3440 # 3430 # 3440 # Pal 300 Pal 301
(sand) (sand)
Average difference compared 38996) 38806) 35601)
Pooled t- | Pooled t- Pooled t- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.9283 0.9275 0.9336 0.8889 0.8695
Corelok - gauge (avg of 2 readings) 0.9270 0.9291 0.9371
SSD Method A (before APAQ) - gauge (avg of 4 readings) 0.4203 0.4105 0.4751 0.2075 0.2105
SSD Method A (before APAQ) - gauge (avg of 2 readings) 0.4161 0.4250 0.5164
SSD Method A (after APAO) - gauge (avg of 4 readings) 0.4300 0.4249 0.4812 0.2448 0.2528
SSD Method A (after APAQ) - gauge (avg of 2 readings) 0.4249 0.4403 0.5211
SSD Method A (APAO) - gauge (avg of 4 readings) 0.5422 0.5333 0.5830 0.3814 0.3863
SSD Method A (APAO) - gauge (avg of 2 readings) 0.5411 0.5468 0.6162
SSD Method C- gauge (avg of 4readings) 0.2529 0.2313 0.2920 0.1423 0.1440
SSD Method C - gauge (avg of 2 readings) 0.2558 0.2757 0.3636
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
40% level of confidence. This is observed in allkcbPhparisons made.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the

densities from the electromagnetic gauges) do iftdr dsignificantly between the two
lifts at 33% level of confidence. This is observeall 4 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from second set o&yin(4{,) and true mean
correlation factor from both lifts i.e., inlay angerlay (4 ):

Ho: ty ~ Mo =0

Ha Ly — tho 20

Test:t= X~ Xo
n

5,/V

; where § = pooled standard deviation

Table A34 — p-values from the pooled t-tests comngaihe various average differences
across lifts 140-2 Lift 1 and 140-2 uncut on thd amd fill (inlay) plus overlay project
having one mix design (OR 140)

Core

Slice
Existing HMA Existing HMA
(Troxler (Troxler (Troxler
PQl 300 PQl 301
3440 # 3430 # 3440 #
(sand) (sand)
. 38996) 38806) 35601)
Average difference compared
Pooled t- | Pooledt- | Pooledt- | Pooledt- | Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4 readings) 0.7059 0.6620 0.8009 0.7384 0.7818
Corelok - gauge (avg of 2 readings) 0.6826 0.6442 0.8701
SSD Method A (before APAO) - gauge (avg of 4 readings) 0.7424 0.6499 0.8548 0.6737 0.7678
SSD Method A (before APAQ) - gauge (avg of 2 readings) 0.6721 0.6058 0.9271
SSD Method A (after APAO) - gauge (avg of 4 readings)

SSD Method A (after APAQ) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAO) - gauge (avg of 2 readings)

SSD Method C- gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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For the nuclear gauges, the p-values in the folgwiable suggest that the
average differences (between the densities fromvedr@us tests on cores and the

densities from the nuclear gauges) do not diffgnificantly between the two lifts even at
67% level of confidence. This is observed in alicbZnparisons made.

Even for the electromagnetic gauges, the p-valndke following table suggest
that the average differences (between the densitasthe various tests on cores and the

densities from the electromagnetic gauges) do iftdr dsignificantly between the two
lifts at 82% level of confidence. This is observeall 4 comparisons made.

Hypothesis for the pooled t-test at 95% level affaence:

True mean correlation factor from overlag(() and true mean correlation factor
from both lifts i.e., inlay and overlay{, ):

Ho: Ly — Ho =0

Ha o~ Ho 70

Xo = X
Test:t =—2——°: where § = pooled standard deviation
s,/

Table A35 — p-values from the pooled t-tests comngathe various average differences
across lifts 140-2 Lift 2 and 140-2 uncut on thd amd fill (inlay) plus overlay project
having one mix design (OR 140)

.

1

Existing HMA Existing HMA
(Troxler (Troxler (Troxler
3440 # 3430 # 3440 # PQI 300 PQI 301
(sand) (sand)
Average difference compared 38996) 38806) 35601)
Pooled t- Pooled t- Pooled t- Pooled t- | Pooled t-
test (p- test (p- test (p- test (p- test (p-
value) value) value) value) value)
Corelok - gauge (avg of 4readings) 0.6771 0.6370 0.7595 0.6698 0.6995
Corelok - gauge (avg of 2 readings) 0.6528 0.6146 0.8211
SSD Method A (before APAQ) - gauge (avg of 4 readings) 0.4457 0.5132 0.3382 0.1896 0.3194
SSD Method A (before APAO) - gauge (avg of 2 readings) 0.3881 0.5834 0.3425
SSD Method A (after APAO) - gauge (avg of 4 readings)
SSD Method A (after APAO) - gauge (avg of 2 readings)
SSD Method A (APAO) - gauge (avg of 4 readings)
SSD Method A (APAQ) - gauge (avg of 2 readings)
SSD Method C- gauge (avg of 4 readings)
SSD Method C- gauge (avg of 2 readings)
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The p-values in the following table suggest that dlrerage differences (between
the densities from the various tests on cores laadiénsities from the nuclear gauges) do
not differ significantly between the two lifts evet 44% level of confidence. This is
observed in all 12 comparisons made.

Hypothesis for the pooled t-test at 95% level aiffatence:

True mean correlation factor from ‘L-shaped’ foatpr(y.) and true mean
correlation factor from ‘cross-shaped’ footprintju

Ho: UL - Hc =0

Hai b - Pc #0

X, = X
Test:t =—-———==; where s=pooled standard deviation
s/

Table A36 — p-values from the pooled t-tests comgeathe various average differences
across ‘L-shaped’ and ‘cross-shaped’ footprintlengroject having multiple lifts with
same mix design (OR 18)

[
Ny
=Y

5]

(Troxler | (Troxler
3430- 3430-
38806) 38994)
Pooled t- | Pooled t-
test (p- | test(p-
value) value)

Average difference compared

Corelok-nuclear gauge (avg of 4 readings) 0.9019 0.7924
Corelok-nuclear gauge (avg of 2 readings) 0.9116 0.9716
SSD Method A-nuclear gauge (avg of 4 readings) 0.6629 0.5691
SSD method A-nuclear gauge (avg of 2 readings) 0.8220 0.7169
SSD Method C-nuclear gauge (avg of 4 readings) 0.8576 0.7492

SSD Method C-nuclear gauge (avg of 2 readings) 0.9825 0.9128




