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> _IFOREWORD

Deflections measured at the pavement surface under known loads are the most
widely used method for estimating the structural condition of pavements. In-
situ resilient moduli are derived by back calculation methods. The
availability of pavement response data at and below the pavement surface
enhances the accuracy of these estimates. A computer model, PENMOD, has been
developed and is documented in the report. This model can use stress, strain
and deflection data, or a combination of these, for back calculating the
resilient modulus. A further advantage of embedded sensors is that continuous
response data can be collected without interfering with traffic. However,
installation of an adequate number of sensors is costly and therefore must be
well planned and executed.

The information in this report, and in a previous report generated under this
research (FHWA-RD-89-084, "Instrumentation for Flexible Pavements") are
valuable guides for selecting, installing, and monitoring in-situ
instrumentation. A companion (not printed) report, FHWA-RD-91-095, contains a

compilation of the test data.

d -7
Thomas J. Pasko, Jr., P.E.
Director, Office of Engineering and Highway
Operations Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The contents
of this report reflect the views of the contractor, who is responsible for the
accuracy of the data presented herein. The contents do not necessarily
reflect the official policy of the Department of Transportation. This report
does not constitute a standard, specification, or regulation.

The United States Government does not endorse progucts or manufacturers.
Trade or manufacturers’ names appear herein only because they are considered
essential to the object of this document.
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APPROXIMATE CONVERSIONS TO SI UNITS

APPROXIMATE CONVERSIONS FROM SI UNITS

Symbol

When You Know  Multiply By To Find

Symbol [l Symbol When You Know

Multiply By To Find

inz
ft
yd?
ac
mit

floz
gal
ft*
yd®

: Y
LENGTH

254

millimeters
0305 meters
1.61 kilometers

AREA

645.2
0.093
0.836
0.405
259

VOLUME

29.57
3.785
0.028
0.765

square inches
square feet
square yards
acres

square miles

millimeters squared
meters squared
meters squared
hectares
kilometers squared

fiuid ounces
gallons
cubic feet
cubic yards

milliliters
liters

meters cubed
meters cubed

NOTE: Volumes greater than 1000 | shall be shown in m?.

0z
b
T

MASS

ounces 28.35
pounds 0.454

TEMPERATURE (exact)

5(F-32)y9
or (F-32y/1.8

ILLUMINATION

foot-candles 10.76 tux
foot-Lamberts 3.426 candela/m?

FORCE and PRESSURE or STRESS

445
6.89

grams
kilograms

Fahrenheit ~
temperature

Celcius
temperature

poundforce
poundforce per
square inch

newtons
kilopascals

* Sl is the symbol for the Intemational System of Units

LENGTH

millimeters
meters
meters
kilometers

millimeters squared
meters squared
meters squared
hectares
kilometers squared

0.0016
10.764
1.195
247
0.386

VOLUME

milliliters
liters

meters cubed
meters cubed

0.034
0.264
35.71
1.307

MASS

grams
kilograms
megagrams

0.035
2.202
~1.103

pounds
short tons (2000 Ib)

TEMPERATURE (exact)

Celcius
temperature

Fahrenheit
temperature

1.8C + 32

ILLUMINATION

lux
candela/m?

foot-candles
foot-Lamberts

0.0929
0.2919

FORCE and PRESSURE or STRESS

newtons
kilopascais

0.225
0.145

poundforce
poundforce per
square inch

(Revised January 1992)
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1. INTRODUCTION

BACKGROUND

The in situ measurements of strains and deflections throughout the
pavement structure provide valuable information for pavement evaluation and
design. The responses of the gauges can be used to evaluate the in situ
moduli of the various pa§ement layers. Currently, these moduli are
backcalculated from surface deflection basins using nondestructive testing
(NDT). Unless a perfect match is achieved (i.e., zero error) between the
measured and calculated deflection basins, multiple sets of moduli may be
generated depending on the assumptions used in the backcalculation analysis.
Therefore, the use of strain gauges and deflection devices throughout the
pavement structure would provide additional information needed to verify the

validity of the evaluated moduli.

Considerable progress has been made in recent years toward the
development of accurate and reliable in situ pavement instrumentation. In
particular, strain gauges, pressure cells, and deflection-measuring devices
have been used in various field trials in the United States and Europe. There
are, however, considerable concerns regarding the repeatability, uncertainty,
and long-term performance of these gauges. In addition to the measurement of
strains and deflections, other ancillary measurements such as moisture and
temperature must be made for a complete presentation of the response of the

pavement system to traffic loading.

OBJECTIVES

The main objectives of this study were:

1. To review and evaluate methods of measuring strain, stress, and
deflection in bituminous pavements and procedures that use these
data to determine layer moduli and to estimate performance measures
such as fatigue cracking and rutting.

2. To perform field testing programs and to compare the measured
strains with expected strains computed by mechanistic models.




3. To investigate and test new concepts of pavement response
measurements suitable for field installation.

OUTLINE OF THE REPORT

The results of the research conducted to accomplish the first objective
were described in detail in the interim report and are only summarized briefly
here. The findings from the work towards the second and third main objectives

are fully documented in this report.

The selection of pavement instrumentation from existing devices along
with the design and construction of new pavement sections, installation of
instrumentation, and field testing conducted in phase I of the project are

reported in chapter 2.

Analysis of the measured pavement response under various test
conditions, evaluation of performance of the gauges, and effects of test

variables are discussed in chapter 3.

Chapter 4 describes the method of estimation of in situ resilient moduli
of pavement layers. The moduli are backcalculated using the measured response

of pavement under actual truck loading.

Chapter 5 includes new instrumentation ideas for measuring the response
of flexible pavements, as well as laboratory testing to examine this operation
at different envirommental conditioms.

Chapters 6 and 7 document pavement construction and field installation
and testing, as well as the analysis of the data for phase II of the field

testing.




L}

2. TESTING OF EXISTING FLEXIBLE PAVEMENT
INSTRUMENTATION: PHASE |

SELECTION OF INSTRUMENTATION

As a part of this project, various types of'pavement instrumentation

were selected for field evaluation under actual truck loading. The following

list presents the different types of each instrumentation group that were

selected:

veme spon.
Stress

Deflection

Strain

Sensor Type
Nottingham diaphragm-type pressure cell

Geophones
Single-layer deflectometer
Multidepth deflectometer

Dynatest H-gauge

Kyowa H-gauge

Alberta Research Council (ARC) asphalt carrier
block gauge

Core gauge

Table 1 shows the location of these gauges within the pavement structure

and their corresponding orientation.

In addition to the pavement response-measuring gauges, several other

gauges were selected to collect ancillary measurements. The following list

presents the additional gauges that were selected:

Measurement

Temperature

Moisture

Transverse vehicle
location

ensor e

Thermocouples
Solid state sensors

Nuclear dual tube
Moisture/suction-AGWATRONIX

Ultrasonic sensor




Table 1.

Summary of gauges for phase I field testing.

Number of :

Gauge Type Gauges/Section Orientation Location
Nottingham pressure cell 2/thin Vertical At the top of base course
Geophones 3/thin and thick Vertical At the pavement surface
Geophones 3/thin and thick Vertical At the top of base course
Geophones 3/thin and thick Vertical At the top of subgrade
Single-layer deflectometer 1/thick Vertical At the top of base course
Single-layer deflectometer 1/thick Vertical At the top of subgrade
Multidepth deflectometer 1/thin and thick Vertical Throughout the depth of pavement
Dynatest strain gauge (H) 2/thin and thick Longitudinal At the bottom of asphalt concrete
Kyowa strain gauge (H) 4/thin and thick Longitudinal At the bottom of asphalt concrete
Asphalt carrier block

gauge (ARC) 1/thin and thick Longitudinal At the bottom of asphalt concrete
Core gauge 4/thin and thick Longitudinal At the bottom of asphalt concrete
Core gauge 2/thin and thick Vertical At the lower one-third of asphalt

concrete '

Core gauge 2/thin and thick Transverse At the bottom of asphalt concrete
Thermocouples 8/thin and thick N/A Throughout the depth of pavement
Solid state temperature 8/thin and thick N/A Throughout the depth of pavement

sensors
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EXPERIMENTAL PLAN

The development of the overall experimental plan involved four subtasks:
pavement design, instrumentation layout and installation, data collection

plan, and data analysis plan.

PAVEMENT DESIGN

To effectively evaluate the performance of the selected gauges, they
must be tested under various levels of expected pavement response. For
instance, strain gauges should be tested under both high and low strain
levels. A ceftain type of gauge might be good enough to measure medium level
strains but might be too stiff to measure high strain levels or too loose to
measure low strain levels. Therefore, a combination of pavement structures
and axle load levels was selected to ensure that the various levels of

pavement responses would be encountered.

Two pavement structures (one thin, one thick) were selected. The
properties of these sections are listed in table 2, and their cross sections
are shown in figure 1. The American Association of State Highway and
Transportation Officials’ (AASHTO) design of these sections and the actual
construction are discussed in the next section. The variation in pavement
structure (thin and thick) combined with other test variables (i.e., load,
axle configuration, and speed) yield a wide range of pavement responses, which

will provide an extensive evaluation program for the various gauges.
INSTRUMENTATION LAYOUT

The layouts of the instrumentation in the test sections are shown in
figures 2 and 3. The failure rate in a full-scale installation is expected to
be on the order of 20 to 50 percent. Therefore, replicates of the various
gauges, except the very costly ones, were installed. The replicate gauges
were randomly distributed along the length of the test section to account for
the variability in the pavement and the dyhamic load profile along the section
length.




Table 2. Structures of the instrumented sections.

Layer Thickness

Section Layer Type (in)

Thin Asphalt concrete surface 6
Crushed aggregate base 8
Natural soil subgrade : 150%

Thick Asphalt concrete surface 10
Crushed aggregate base 10

Natural soil subgrade 150*

1l in =254 mm

* Depth of subgrade was estimated from geological records and falling
weight deflectometer (FWD) testing.

DATA COLLECTION PLAN

In addition to the pavement structure, the following test conditions

were also varied:

® Load level: empty, intermediate, and fully loaded.
® Axle configuration: single drive axle and tandem trailer axles.
® Testing speeds: 20, 35, and 50 mi/h (32, 56, and 80 km/h).

® Tire pressure: manufacturer'’s suggeSted pressure of 100 psi (690
kPa) and suggested plus 25 psi (172 kPa) (i.e., 125 psi [862 kPa])
inflation pressure.

To ensure the statistical validity of the experimental program, four
replicate measurements were planned for each combination of test variables.
An ultrasonic device for measuring truck transverse location was used to
select four valid replicates based on the measured truck’s location relative
to the gauges. The total number of measurements collected from each gauge

during one testing phase equals:
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Figure 1. Cross sections of thin and thick sectionms.
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3(loads) x 2(axles) x 3(speeds) x 2(tire pressures) x 4(replicates)

= 144 measurements/gauge

A total of 144 measurements were collected from every gauge in each of the 2

test pavement sections.
DATA ANALYSIS PLAN

The purpose of phase I of the research project was to evaluate the
effectiveness of the instruments currently avail#ble for measuring pavement
response to the stress levels encountered under typical truck loading
conditions. The performance of the available gauges was evaluated based on
the following criteria: survivability, repeatability, response under various
combinations of test variables, and uncertainty. The following definitions of

the evaluation criteria will apply throughout this report.

Survivability is represented by the number of gauges that remain
operational after construction and testing relative to the number of gauges
that were initially installed. Due to the small number of gauges installed in
each test section, this measure can only be considered as the estimate of true

survivability rate of the various gauges.

Repeatability (or precision) is a measure of dispersion of measuring

results obtained from a specific gauge for specific test conditions.

Effect of test variables will be evaluated based on the sensitivity of
each type of gauge to various combinations of load, speed, tire pressure, and

axle configuration.

Uncertainty is an estimate of measuring error. It will be determined by
the difference between the measured response and the theoretically calculated
values. The theoretical values represent the estimated pavement responées
based on the predetermined material properties and should not be considered as

the true wvalues.

10




Because four different types of strain gauges were installed at the same
level and in the same direction at the bottom of the asphalt concrete layer, a
regression analysis of the strain measurements obtained from all these gauges
‘was conducted. The analysis investigated the relationship between the
measurements from the individual gauges and the average measurements of the

entire groups of gauges.
PAVEMENT CONSTRUCTION

The original plan for the instrumentation of the pavement sections

- assumed retrofitting the gauges into the existing pavements at the
contractor’s test track. However, some of the transducers could not be
retrofitted without substantially disturbing the pavement layers. Therefore,
two pavement sections at the test track--one thin, one thick--were
reconstructed, which allowed more accurate installation of the

instrumentation.

To accommodate all of the gauges without disturbing the pavement
structure, the gauges should not be installed too close to each other. The
test sections, each 50 ft (15.2 m) in length, are located at the straight
portion of the test track where the truck could easily accelerate to a high

speed and where the slope and grade are minimal.

The test pavement sections were designed based on AASHTO's Guide for
Design of Pavement Structures.!l) The criteria for pavement design are as
follows:

® Traffic: The pavement section must be strong enough to sustain the
heavy truck loading without any damage to the gauges. Furthermore,
the traffic from other research activities at the facilities must be -
taken into account. Therefore, 200,000 18-kip (80-kN) equivalent
single-axle loads (ESAL’s) were selected as the minimum for the thin
pavement structure.

® Reliability: According to AASHTO design procedure, the acceptable
range for a reliability factor is 85 to 99.9 percent. Consequently,
90 percent was used for reliability factor, R.

11




® Standard deviation: AASHTO requires a value of standard deviation,
S,, to be used for design. Therefore, an average value of 0.45 was
used for the section design.

® Serviceability loss: An initial present serviceability index (PSI)
of 4.2 was assumed, with a terminal serviceability index of 3.0.
Thus, the serviceability loss for the design is 1.2.

® Resilient modulus of subgrade material: For the design of these
sections, a modulus value for the supporting soil should be assumed.
Based on the material testing for the previous reconstruction of the
test track, a conservative value of 7,500 psi (52 MPa) was assumed
for the resilient modulus of the soil.

® Structural number: AASHTO procedure requires calculation of
structural number (SN) for the pavement using equation 1:

SN = 31D1 + aznzmz + 83D3m3 | (1)
where

a,, a,, a; = structural coefficients for layers 1, 2, and 3
D,, D, D; = thicknesses of layers 1, 2, and 3

m,, my = drainage coefficients for layers 2 and 3

Using the AASHTO procedure, drainage coefficients of 1 were assumed,
which represents fair drainage. The structural coefficient values of 0.4 and
0.1 were used for the asphalt concrete layer (wearing course and bituminous
concrete base course combined) and crushed aggregate base. The following

values were assumed for initial thickness of the pavement layers:

® Thick section:

- Asphalt concrete = 10 in (254 mm).
- Crushed aggregate base = 10 in (254 mm).

® Thin section:

- Asphalt concrete = 6 in (152 mm).
- Crushed aggregate base = 8 in (203 mm).

Using the nomograph for flexible pavement design (figure 4), 5 million
and 450,000 total 18-kip (80-kN) ESAL applications, respectively, were

estimated for the two assumed design parameters. These traffic values were

12
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considered acceptable. Transition zones between tﬁe two sections and between
the sections and the existing pavement were also c#nstructed.

Pavement construction began on May 15, 1989,“with the removal of the
existing wearing, base, and subbase courses to the%top of the éxisting
subgrade. After removing the pavement down to theﬂsubgrade, the existing

subgrade was scarified to a depth of 4 in (100 mm)j. The scarified subgrade
material was removed and compacted with a rubber

ire roller. Following this,

!
the subgrade was fine-graded to the planned elevations and recompacted.

For the thin section, there was no need to scarify and remove any
portion of the subgrade. Therefore, after fine-grading the subgrade and
applying a few passes of the vibratory roller for'compaction, density and
moisture were measured at several locations with a nuclear gauge to examine

the adequacy of compaction.

The base material consisted of standard 2A crushed stone. Due to
excessive moisture of the base material, the material was scarified and
allowed to air-dry for 3 days, after which the base was compacted and cut to

grade.

At this stage, construction activity was suspended for 10 days to permit
installation of the instrumentation. The instrumentation installed at this
stage consisted of soil strain gauges and geophones positioned at different
depths in the subgrade layer; temperature sensors that were installed at
different depths in the base and subgrade layers; and geophones, pressure
cells, and different strain gauge transducers for measuring the strain at the
bottom of asphalt concrete, which were located at the base-surface interface
and the bottom of the base course, respectively. During the installation of
the instrumentation, the exposed subbase was covered by plastic at the end of .

each working day.

After installation of the instrumentation, the bituminous concrete
binder course (BCBC) for both thick and thin sections was placed. Two lifts
of BCBC were required to meet the design specifications. Special precautions

were taken to prevent damage to the gauges. The paver operator was instructed

14




to positidn the wheels of the paver and the dump truck delivering the hot mix
approximately 2 ft (0.6 m) left of the outer wheel path where the gauges were
installed. The rolling pattern for the first 1ift consisted of passes of the
vibratory roller in the static mode in the direction of traffic only, as was
specified by the gauge manufacturers. Adequacy of compaction was determined
by nuclear density measurement at several stations. The second lift of BCBC
was compacted using a vibratory roller in the vibrating mode in both
directions in the inner wheel path and in the static mode in both directions
in the outer wheel path. Both lifts of BCBC were placed on the same day.

The wearing course in both thick and thin sections consisted of two
lifts that were constructed on the same day as BCBC construction. The rolling
pattern for each lift consisted of one pass with the vibratory roller in the
vibrating mode followed by several passes in the static mode with the rubber-
tired roller. The finishing passes were made with the same vibratory roller
in the static mode. o

After each pavement layer was constructed, the road profile was surveyed
using a rod and level. Profile measurements were taken every 2 ft (0.6 mfﬁ
along the section at the centerline and the inner and outer wheel paths. By
subtracting the measured profile of two successive layers, the layer thickness
can be obtained at each of those points. Figure 5 shows the thickness of the
asphalt concrete layer for the thick section. Figure 6 shows the thickness of
the base layer and the asphalt concrete layer for the thin section. Note that
the thickness shown for every station is the average thickness at the

centerline and the inner and outer wheel path of the section.
INSTALLATION OF INSTRUMENTATION

After construction of the crushed aggregate base course, construction was
suspended so that the transducers for the subbase and subgrade could be

Placed. These included:

® Soil strain gauges--in subgrade.

® Geophones--on top of subgrade and base course. .

15
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Figure 5.. Thickness of asphalt concrete layer of the thick section.
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® Temperature sensors--in base course and subgrade.

® Asphalt concrete strain gauges--at bottom of BCBC layer.

After pavement construction, the following instruments were retrofitted at the

specified location:

Geophones--on top of asphalt concrete layer.

¢ Temperature sen;ors--in asphalt concrete layer.

® Single-layer deflectometer (SLD)--deep into subgrade.
® Multidepth deflectometer (MDD)--deep into subgrade.

® Moisture sensors--deep into subgrade.

® Loading plate--on top of asphalt concrete layer.

The installation of these instruments in pavements requires a great deal
of care and should be performed by skilled technicians under the supervision
of a pévement engineer. Detailed installation techniques and precautions for
the installation of these instruments were reported in Instrumentation for
Flexible Pavements.'?! The following describes the techniques as employed for

this particular job.
SOIL STRAIN GAUGES

Installation of Transport and Road Research Laboratory (TRRL) soil strain
gauges took place after completion of placement and compaction of the crushed
aggregate base layer. First, the locations selected for the strain gauges
were surveyed. Then for each gauge, a hole was dug in the base course to the
desired depth at the subgrade. During excavation, extra care was taken to
minimize disturbance of the soil and keep the size of the hole to a minimum.
The excavated materials were placed in plastic bags to preserve their
moisture. The soil strain gauge was placed in the hole in the longitudinal
direction and the excavated subgrade material was placed in small layers and
carefully compacted. It is very important to monitor the gauge during

compaction of the soil because the gauge can easily go out of range. To avoid

18




this problem, the compaction around the gauge was performed using a small hand
tamper, and the level of effort was gradually increased until the desired
level of compaction was achieved. The level of compaction was estimated by
comparing the quantity of soil compacted into the hole with the excavated
quantity. Subgrade buildup continued to the as-constructed level. Then the
above procedure was repeated using crushed aggregate to fill the hole to the

top of the base course.

H-GAUGES

H-gauge strain transducers were installed after completion of placement
and compaction of the base course. First, the locations of the strain gauges
were surveyed, and the sharp and large aggregates underlying them were
removed. The H-gauges were then placed in the designated locations in the
longitudinal direction. The lead wires were placed in 4-in (100-mm) deep
preformed grooves in the base course for protection against heat of paving mix
and relocation. Then, a slurry mixture of hot asphalt cement and fine sand
was carefully poured over the géuges to keep them in place. The output from
the H-gauges was monitored before, during, and after pavement construction.
The resistance across the strain gauge bridges was also monitored during

installation..

To avoid possible shifting of the H-gauges during construction, some hot-
mix asphalt was placed over the gauges using a shovel before the paver
approached. Care was taken to avoid contact of large aggregates in the mix

with the gauges.
PRESSURE CELLS

The pressure ceils were installed at the interface of the base course and.
the asphalt concrete layer. After completion of the base course, small
depressions were made at the points of installation by removing some of the
material from the subbase layer. The depressions were just large enough to
permit placement of the pressure cells inside. A thin layer of fine sand was
Placed at the bottom of each depression. Each pressure cell was then placed

on the sand, faceplate up and flush with the top surface layer. Extra care
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was taken to place the pressure cell in a horizontal position. A slurry
mixture of hot asphalt cement and fine sand was carefully poured over the
pressure cell to keep it in place. To protect the cables, they were placed in
trenches dug in the base course and covered with sand. The resistance across

the pressure cell bridges was monitored during installation.

The same procedure as that applied to the H-gauges was used to avoid

shifting of pressure cells during construction.
GEOPHONES

Geophones should be installed firmly on a mounting surface that is flat
and leveled. The installation techniques for unbonded and bonded layers are

outlined in the following sectiomns.

Unbonded Layers

Before installation, the geophones were mounted on 4-by-4-by-1/8-in
(100-by-100-by-3-mm) metal plates. Installation of geophones at the top of
the subgrade and the crushed aggregate base course took place after completion

of placement and compaction of the crushed aggregate base course.

After the location of the geophone was surveyed, a hole was dug into the
crushed aggregate base, all the way to the top of the subgrade. During
excavation, extra care was taken to minimize disturbance of the soil and keep
the size of the hole to a minimum. The excavated material was placed in a
plastic bag to preserve its moisture. Then a small hole was carefully dug in
the subgrade so that the geophone could snugly fit inside the hole. The
geophone was then placed in the hole with the base plate in a horizontal
position. A small amount of excavated subgrade material was placed around the
geophones and carefully compacted using a small hand tamper. Excavated
crushed aggregate was then placed into the hole in small layers and compacted.
This process continued until the hole was filléd to the top of the base

course.
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The geophones at the top of the base course were installed by digging a
small hole to fit the geophone. Due to lack of cohesion of crushed aggregate,
it was not possible to place the geophdh@ snugly. Therefore, an epoxy mix was

placed into the hole to ensure secure installation of the geophone.

Bonded layers

Installation of geophones at the top of asphalt concrete layer was
relatively simple. There was nq.need‘tqﬂmount‘the géophones on flat plates
because leveling the geophones)ét ﬁhé‘surface is not difficult. A 1.5-in-
deep-by-1-in-diameter (38+mm-dé§p-by-25-mm-diameter) hole was drilled at the
desired location fo accommodate the geéphone. . A groove was also cut from the
hole to the edge of the.pavémént fo£.placement of the lead wire. After the
bottom of the hole was leveled and smoothed, the geophone was secured in the
hole using a pasty epoxy compound; The remaining 1/4 in (6 mm) of the hole

was also filled with epoxy.
INSTRUMENTED CORES

The installation of instrumented cores began after completion of pavement
construction with the drilling of a hole in the pavement at the desired
location, along the outer wheel path, using a 6-in (150-mm) barrel bit. The
asphalt concrete cores that were used for instrumentation were obtained by
drilling holes at parallel locations along the inner wheel path using a
6.25-in (159-mm) barrel bit. The combination of the 6- and 6.25-in barrels
provides a 1/16-in (1.6-mm) clearance between the instrumented core and the
existing pavement, which is filled with epoxy. A small trench was cut from
each hole to the edge of the pavement for placement of the cables. As it was
expected, the drilling water washed away some of the finer particles of
unbonded base course. This problem was remedied by replacing the coarse
particles in the hole with a mixture of sand and bitumen and leveling and

compacting it with a plate the diameter of the hole.

Epoxy glue was spread on the side surface of the cores and the holes.

The instrumented cores were then placed and the lead wires guided into the
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trench. Finally, a surcharge weight of about 20 1b (90 N) was placed on the
core until the epoxy glue hardened. All of the installed instrumented cores
were slightly shorter than the depth of the drilled hole. Therefore, a

mixture of sand and epoxy was used to fill and level the holes.
SINGLE-LAYER DEFLEGCTOMETER

Installation of the single-layer deflectometers was also performed after
completion of paving. The installation began with coring of the pavement to
the desired depth using a 6-in (152-mm) barrel bit. One SLD was installed at
the top of the subgrade and the other at the top of the crushed aggregate
base. From that level, a 1-in (2.5-mm) diameter hole was bored to a depth of
about 8 ft (2.4 m). Then approximately 1/2 gal (2 1) of liquid sealant
(elastometer) was poured into the hole. The SLD housing, base plate, and the
guide tube were inserted into the hole until the plate was flush with the
surface. (The amount of liquid sealant in the hole should be sufficient to
allow some of it to be extruded around the housing onto the surface whose
displacement is to be measured.) A surcharge weight was then placed on the
base plate. The installation was resumed after 16 h when the sealant was
completely cured. The following day, the reference rod was driven through the
frangible bottom cap for 2 ft (0.6 m). The installation proceeded with
insertion of the Linear Variable Differential Transformer (LVDT) housing
assembly and zeroing of the LVDT output. After satisfactory zeroing of the
LVDT, the housing was fastened to and flush with the collar nut and the top
cap was glued in place. The excavated unbound materials were then placed over
the cap and carefully compacted. The LVDT output was monitored during
compaction to avoid driving the LVDT out of its linear range. The removed

asphalt concrete core was then glued into the hole using an epoxy compound.
MULTIDEPTH DEFLECTOMETER

Multidepth deflectometers were retrofitted into the constructed pavement
(see figure 7). The installation started with drilling a 1.5-in (38-mm)
diameter hole to a depth of 7.1 ft (2.2 m) and lining the hole with a thin
rubber liner to prevent moisture and loose material from damaging the

transducers. An anchor was then placed at the bottom of the hole and fixed in

22




*/ 92an81yg
UT P3TTBISUT SI935wW03ID3TJap yidaprarny
*j}de1l 3893 oy

ul gL il

Joyduy jo doj

Ae)n
As
psy

ul 0L
aseg 8|qixa|4

uopdag FoL

Jjoyouy jodoy |

— uze
Aejn
Anis
pay
- uoz
u g
T ot aseg a|qixald
u g
e IVWH
-0

ulrgL

uofldes ulyl

T %°6Z = ur 1

23




place with cement grout. At this time the installation was stopped to allow
the grout to cure. On the following déy, an interconnecting rod was lowered
and fixed into the snap connector. The MDD modules were slid over the
interconnecting rod to the desired depth and locked in place. The
interconnecting rod was then replaced with a rod containing the LVDT cores.
(The locations of the cores can be adjusted to facilitate zeroing of the
LVDT's prior to the completion of installation. ) As the final step, down-hole
calibration was performed using a specially desi$med calibration unit.

DATA ACQUISITION AND REDUCTION - E

The key to obtaining meaningful data for an&}instrumentation scheme is a
data acquisition system that allows each designatéd transducer to be monitored
for a given period of time at the designated sampiing rate. In this section,
the components of two data acquisition systems developed for this study are
described. One system was used to collect data from the strain gauges,
pressure cells, and single-layer deflectometers. The other system was used to

collect data from the multidepth deflectometers.

The essential hardware required to perform the data acquisition consists

of the following:

® (Computers: Two portable Compaq II computers with the following
specifications were used:

- 80286 processor.

- 12-MHz clock.

- 640 KB of memory.

- 80287 math coprocessor.
- 20-MB fixed disk.

- Serial/parallel port.

Each computer was equipped with a DT2801-A data acquisition board
manufactured by Data Translation.

® Signal conditioners: Two types of Daytronic signal conditioners were
used, a system 10 unit and a model 3270 strain gauge conditioner.
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The following ancillary equipment was used:

¢ Infrared sensors: One transmitter and one receiver were used to
trigger the data acquisition system when the ray between the
transmitter and the receiver was broken by a truck.

® Ultrasonic sensor: This sensor was combined with a frequency counter
to determine the time required for an acoustic signal to leave the
source, reflect from the side of the truck, and return to the source.
This assembly was used to measure the transverse position of the
tractor trailer with respect to the pavement edge.

The software used to control the hardware for the first data acﬁuisition
system was the ASYST Scientific System. This package incorporates both an
environment and a programming langhage. The language is based on FORTH. The
ASYST environment has a Qariety pf subroutines that can be called by a

program.

An elaborate program was developed in the ASYST environment to control
various parameters of the data acquisition system and convert the acquired
analog signal to a digital signal through a data acquisition board. The board
is configured for a maximum of 16 channels of single-ended bipolar inputs in
direct memory access (DMA) mode. The number of active input channels and the
board gain are software-controlled. One limitation of the system is that the
data acquisition board does not have an independent control of gain for each
input channel. This shortcoming can be handled through the proper choice of
transducers or the introduction of a hardware amplifier into the circuitry. |
The data acquisition may be triggered manually (by hitting the carriage

return) or automatically (upon réceiving a signal from the triggering system).

In the DMA mode, the sampling rate depends on the number of input
channels and the conversion delay, or the elapsed time needed for the board to
acquire data from two successive channels. A conversion delay of 0.1l ms was
used during the field testing. In addition to the sampling frequency, the
duration of thé data acquisition process (i.e., the total number of data
points) was also controlled. This task was performed by dynamic sizing of the

arrays. The required dimensions of the arrays were calculated from the
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nominal speed of the truck, the specified conversion delay, the number of

input channels, and the length of the instrumented section of the pavement.

Immediately after acquiring a signal from the gauges, the acquired signal
can be displayed on the computer screen for visual verification. The captured
data are then saved on the hard disk for futuré‘ﬁnalysis.‘ In every saved file
along with the digital data, pertinent information régarding the measurement
is also recorded, including date, time, site information, software gain, tire

type, tire pressure, axle configuration, axle load, and truck.speed.

A data reduction program was developed for use with the ASYST programming
environment. After the stored data are retrieved, the digital signal (integer
values from -2,048 to 2,048) is then convérted back,to'voltage based on the
gain value of the data acquisition board at‘ﬁhe;tiﬁe of data collection. To
convert the voltage signal into engineering units, the data arrays (in volts)
from each channel were multiplied by the channel's corresponding calibration

factor.

The software then plots the data from each channel for visual inspection.
The program can focus on any range of data array by magnifying the signal for
a close-up inspection and providing the coordinates of any point on the plot.
Because data must be in ASCII format for some prograh applications, the

program also allows downloading of the data arréys into ASCII files.

After the measured strain signal was piotted, points of maximum strain
under axles were located and the corresponding values were recorded. For
geophone signals, the beginning of thevsignal fdr‘a specific axle was located.
The corresponding data arrays were then downloaded 1nto ASCII format. The
geophone data that represent velocity were then integrated to determine peak
deflection under the axle. ‘

Reduction of the data collected in this study was a very time-consuming
process. Because engineering judgment is needed at various stages of the
process, it is not feasible to completely automate the reduction process.
After completing this process, the data can be fully analyzed and the effects

of various variables and their significance can be studied.
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The second data acquisition system, used to collect data from the
multidepth deflectometers, consists of a Compaq 386 portable computer, a Data
Translation DT2814 board, and data collection software. The data collection

and analysis software consists of the following programs:

® ADFWD.EXE--captures signals under falling weight deflectometer (FWD)
loading and builds a LOTUS 1-2-3 data file.

® ADTRUCK.EXE--captures signals under truck loading and builds a LOTUS
file.

® FILTRUCK.EXE--filters high fréquency noise from the signal (if
required) and calculates peak deflections for each axle for each MDD.

At the maximum data acquisition speed, 10,000 sets of MDD data (up to 6
channels) are collected per second. The maximum speed is used under FWD
testing: 600 samples are recorded over a 60-ms time interval. The FWD load
pulse is approximately 30 ms. Under truck loadings, the truck length, speed,
and number of required data points are entered, and the computer calculates a
delay cycle between each set of data. Both the ADFWD and ADTRUCK programs are
self-triggering; that is, ausignal on any MDD channel will activate the data
acquisition system. The output file also includes 100 pre-trigger data
points. Calibration factors are entered in the data acquisition programs so

that the outputs are in engineering units.
FIELD TESTING

Field testing of the existing instrumentation was carried out in two
stages. Stage I was an exploratory experiment to debug the entire system and
check the validity of data. It began on July 23, 1989, and ended on July 27,
1989. Stage 11 was a complete experiment; it began on August 16, 1989, and
ended on August 22, 1989. In the first stage of testing, pavement response
data under a variety of test conditions (as described in the data collection
plan), measured by different instruments installed in the pavement, were
collected. Tables 3 and 4 summarize the test conditions and the actual axle

loads, respectively.
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Table 3. Experimental plan for field testing in phase I.

Variable

Levels

Pavement Section
Load
Tire Pressure

Speed

Replicates

Thin and Thick
Empty, Intermediate, Fully Loaded
120 and 125 psi (828 and 863 kPa)

20, 35, and 50 mi/h (32, 56, and
80 km/h) '

3 (stage I), 4 (stage II)

1l mi=1.61 km

Table 4. Static load levels for the test track in pounds.

Axle

Front Rear

Test Single Tandem Tandem
Period Load Level Steering Drive Trailer Trailer
Stage I Empty (E) 7,550 17,640 5,010 3,760
Intermediate (I) 7,550 17,640 16,740 14,690

Fully loaded (L) 7,550 20,230 20,520 17,170

Stage II  Empty (E) | 7,550 8,450 5,010 3,760
Intermediate (I) 7,550 12,360 11,660 9,160

Fully loaded (L) 7,550 19,640 20,820 16,790

11b=4.5N
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Since stage I was an exploratory experiment, only three replicate
measurements were collected for any combination of variables during this stage
of testing. Because hardware was not readily available, it was not feasible

to perform testing on both thick and thin pavement sections at the same time.

During stage I of field testing, some of the instruments malfunctioned.
Therefore, it was impossible to collect data from all the instruments. After
the malfunctioning instruments were repaired and after a preliminary analysis

of stage I results, a second stage of testing was conducted.

The second stage testing was conducted under the same combination of
variables but with different axle weights for the three load levels;
furthermore, the load on both drive and trailer axle was changed for each

level, as shown in table 4.

" Field testing for both stages I and II usually began in early morning
hours and continued until mid-morning to minimize the temperature variation
among the various tests. Throughout the testing, pavement temperature at

various depths was measured on an hourly basis.

The test vehicle consisted of a single-axle tractor and a tandem-axle
semi-trailer. The suspension for all axles was a conventional leaf-spring
system. The 11R24.5 and 11R22.5 dual radial tires were mounted on the drive

and trailer axles, respectively.

29







3. DATA ANALYSIS: PHASE |

As mentioned earlier in this report, one of the main objectives of this
research was to evaluate the performance of the exisﬁing flexible pavement
instrumentations under actual truck loading. The test variables, discussed in
chapter 2, were selected to provide a wide range of measured responses under
which the instrumentation could be evaluated. This chapter presents the
results of data analyses performed on the measured data in order to evaluate

the performance of the individual gauges.
STRAIN MEASUREMENTS IN THE ASPHALT CONCRETE LAYER

After the strain data were collected in the field, they were stored on
floppy disks for conversion to engineering units and further analysis. The
recorded strain signals were multiplied by calibration factors, which convert
the volts into microstrains. The calibration factors used in this research
were determined from the strain gauge properties supplied by the manufacturers
of the individual gauges. After the heasured data were converted into
engineering units, the responses of the individual gauges under each pass of
the test truck were plotted. The initial reference point was selected on the
plots along with the maximum strain under the single drive axle and the
maximum strain under the tandem trailer axle (see figure 8). The actual
strains were then obtained by subtracting the initial reference point from the

maximum strains.
SURVIVABILITY

As expected, not all the gauges survived the construction and

installation activities. The following gauges survived in the thick section: .

® One Dynatest gauge at station 9 and one at station 19 (two gauges
were installed).

® One ARC gauge at station 21 (one gauge was installed).

® One Kyowa gauge at station 6; one at station 10; and one at station
18 (four gauges were installed). '
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® One three-directional core gauge at station 8 (two gauges were
installed). e

® One longitudinal core gauge at station 12 and one at station 16 (four
gauges were installed).

All gauges were installed in the longitudinal direction at the outer wheel
track of the section. Two of the gauges in the thick section were
unoperational shortly after construction: -one Kyowa gauge at station 10 and
one three-directional core gauge at station 8 (all three gauges failed on this
core). Two additional gauges were uneperational during stage II: one

Dynatest gauge at station 9 and one at station 19.

Overall, nine strain gauges were installed to measure strains in the
asphalt concrete layer of the thick section. Two gauges failed during
construction and two failed after construction. Two Dynatest gauges failed
during the period betweeh stage I and stage'II. A post-failure examination of

the Dynatest gauges indicated excessive permanent strains on both gauges.

The total number of gauges that survived the construction and

installation activities in the thin section were as follows:

® One Dynatest gauge at station 9 and one at station 30 (two gauges
were installed).

® One ARC gauge at station 34 (one gauge was installed).

® One Kyowa gauge at station 6; one at station 10; one at station 29;
and one at station 33 (four gauges were installed).

¢ One three-directional core gauge at station 12 and one at station 27
(two gauges were installed).

® One transverse core gauge at station 32 (one gauge was installed).

Three of the gauges in the thin section were unoperational shortly after
construction: one Kyowa gauge at station 6, one longitudinal core gauge at
station 28, and one three-directional core gauge at station 27. (Again, all
three gauges on this core were unoperational.) The Kyowa gauge at station 33

failed during the period between stage I and stage II testing.
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The survivability of the asphalt concrete strain gauges was very
inconsistent within groups of the same type of gauge and also from one
pavement structure to another. The survivability of the Dynatest gauges
varied the most. These gauges survived the\construction activities in both
sections, but the two gauges installed in the thick section failed due to
excessive permanent strains during the early part of the stage II testing. Omn
the other hand, the survivability of the Dynatest gauges installed in the thin
section was perfect throughout the entire testing program. After the Dynatest
gauges failed, some unsuccessful attempts were made to balance them into an
operational range. It is interesting to note that both Dynatest gauges in the
thick section failed within half an hour. 1In addition, both Dynatest gauges
in the thin section survived the entire testing program even though they were
subjected to higher strains than the gauges in the thick section. The
survivability of the ARC gaﬁgéé was perfect in both sections for the entire
testing program. The survivability of the Kyowa gauges varied from one
section to another and for various stages of the testing program. All failed
Kyowa gauges showed out-of-scale responses and could not be electrically
balanced. An interesting observation regarding the instrumented cores is that
all three gauges on the three directional cores failed at once. The sudden
failure of the three gauges may be due to failure of bondings between cores
and old paveﬁent. Overall, an average survivability of 70 percent for all
types of gauges was better than the expected failure rate of 50 percent except

for the Dynatest gauges installed in the thick section.
REPEATABILITY

The repeatability of the gauges is studied in terms of the means,
standard deviations, and coefficients of variation of the four replicate
measurements for each combination of the test variables. The data from the
stage I and II testing programs will be used to evaluate all of the gauges,

including those that failed at various times during testing.

In volume II of this report, appendix C shows the results of the four
replicates and their corresponding means, standard deviations, and
coefficients of wvariation. The coefficient of variation (COV) is defined as

the ratio of the standard deviation to the mean, expressed as a percentage.
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The lower the COV, the better the repeatability of the measuring device. In
general, COV values below 10 percent are considered good, and COV values below
5 percent are considered excellent. Tables 5 and 6 show typical repeatability
data from the thick and thin sections, respectively. As these tables
indicate, most of the COV values are in the range of 2 to 6 percent. In
general, the COV values are smaller for higher load levels under both the
single-drive axle and tandem trailer axles. Based on the COV values, all the
gauges showed good to excellent within-gauge repeatability except for the ARC

and core gauges under the empty load level.

Because there are only four replicates, the data were pooled across
certain test variable combinations, and the new standard deviations of the
pooled observations were determined. This exercise increased the number of
observations and reduced the effect of potential random error in the collected

data. For every gauge, the following pooling patterns were used:

1. Pool the data from the two levels of tire pressure (eight
replicates).

2. Pool the data for the fully loaded level across the speeds of 35 and
SO_mi/h (56 and 80 km/h) (16 replicates).

3. Pool the data for the speed of 20 mi/h (32 km/h) across the
intermediate and empty load levels (16 replicates).

4. Pool the data across the speeds of 35 and 50 mi/h (56 and 80 km/h)
and across the load levels of intermediate and empty load levels (32
replicates).

The pooling process increased the number of observations from 4 replicates of
each combination to 8, 16, or 32 replicates for different pooling patterns as

shown by the number of replicates in parentheses.

The overall standard deviation of measured strain for each pooling
pattern was calculated. The pooled standard deviations are summarized in
tables 7 through 10. All the pooling activities concentrated on the data from
the stage II testing program because a better vehicle alignment scheme was
used, and the four replicates were selected based on the transverse vehicle
location as measured by the ultrasonic distance-measuring device. It can be

seen from the data in tables 7 through 10 that the pooling of these
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Table 5.

Strain values under drive axle with 20 kips/axle,

tire pressure of 125 psi (863 kPa), thick section.

Speed Dynatest Dynatest Kyowa Kyowa ARC Core Core
(mi/h) Sta 9 Sta 19 Sta 6 Sta 18 Sta 21 Sta 12 Sta 16

20 193 208 237 l61 344 218 234

20 208 1235 211 -179 358 216 246

20 223 228 233 176 379 211 222

Mean 208 224 227 172 360 215 234

STDV 12 11 12 8 14 3 10

cov 5.8 5.1 5.2 4.6 4.0 1.4 4.1

35 174 142 191 - 97 229 145 156

35 174 132 NA 95 224 135 152

35 176 127 193 96 210 130 131

Mean 175 134 192 96 221 137 146

STDV 1 6 1 1 8 6 11

cov .7 4.6 .6 .7 3.6 4.3 7.4

50 122 98 108 78 152 107 135

50 120 98 103 87 154 100 136

50 118 98 103 83 154 97 134

Mean 120 98 104 83 153 101 135

STDV 2 NA 2 3 1 4 1

cov 1.7 NA 2.2 4.2 .7 4.0 .7
lmi=1.61 km
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Table 6. Strain values undér drive axle with 20 kips/axle,

tire pressure of 105 psi (725 kPa), thick section.

Speed Dynatest Dynatest Kyowa  Kyowa Kyowa ARC Core
(mi/h) Sta 9 Sta 30 Sta 10 Sta 29 Sta 33 Sta 34 Sta 12

20 362 375 448 436 448 745 270

20 362 402 439 482 384 686 282

20 375 414 464 487 460 837 322

Mean 366 397 450 468 431 756 292
STDV 6 16 10 23 33 62 22
cov 1.6 4.1 2.3 4.9 7.7 8.2 7.7
35 211 282 280 345 301 489 187

35 122 289 272 348 335 503 178

35 105 296 296 382 294 456 121

Mean 146 289 283 358 310 483 162
STDV 46 6 10 17 18 19 29
cov 31.6 2.1 3.5 4.7 5.8 4.0 18.1
50 140 184 166 228 260 448 135

50 140 211 167 225 269 464 140

50 149 220 174 228 262 424 140

Mean 143 205 169 227 264 445 138
STDV S 16 3 1 4 17 2
cov 3.2 7.6 2.0 .5 1.6 3.7 1.6

1l mi=1.61km
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Table 7. Summary of the pooled standard deviations of

the strain measurements under the single drive axle,

thin section.

Pooling Pattern

Gauge 1 2 3 4
Kyowa, Sta 10 19 6 5 3
Kyowa, Sta 29 10 6 12 4
Dynatest, Sta 9 17 5 3 2
Dynatest, Sta 30 14 7 4 3
Core, Sta 12 6 6 4 3
ARC, Sta 34 22 9 17 9
' Table 8. Summary of the pooled standard deviations

of the strain measurements under the tandem
trailer axle, thin section.
Pooling Pattern

Gauge 1 2 3 4
Kyowa, Sta 10 6 7 3 3
Kyowa, Sta 29 15 5 5 3
Dynatest, Sta 9 9 6 2 3
Dynatest, Sta 30 15 5 5 3
Core, Sta 12 10 6 3 2
ARC, Sta 34 28 5 17 11
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Table 9. Summary of the pooled standard deviations
of the strain measurements under the single drive
axle, thick section.

Pooling Pattern

Gauge 1 2 3 4
Kyowa, Sta 6 10 2 5 2
Kyowa, Sta 18 7 3 5 1
Core, Sta 12 13 3 6 3
Core, Sta 16 32 19 24 12
ARC, Sta 21 14 7 8 4

Table 10. Summary of thé pooled standard deviations
of the strain measurements under the tandem
trailer axle, thick section.

Pooling Pattern

Gauge 1 2 3 4
Kyowa, Sta 6 9 3 8 5
Kyowa, Sta 18 10 2 3 2
Core, Sta 12 14 4 11 3
Core, Sta 16 34 15 22 10
ARC, Sta 21 12 10 7 2
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combinations helped identify the most critical conditions under which the
gauges produced the highest standard deviation. All of the gauge types were
consistent; the highest measured standard deviation was encountered under the
combination of the fully loaded level and the speed of 20 mi/h (32 km/h).

This observation was also consistent under botﬁ axle cénfigurations (i.e.,
single drive axle and tandem trailer axles) and at both test sections (i.e.,
thick and thin). ‘This observation does not indicate poor repeatability of the
gauges under the fully loaded level at 20 mi/h (32 km/h) because the measured
strain values under this pattern are the highest; therefore, the standard
deviation is expected to increase, and, as a result, the coefficient of

variation will not be affected.

The most encouraging observation from this pooling exercise is that all
of the gauges were very consistent (except the ARC gauge in the thin section
and one core gauge in the thick section) and had low standard deviations under
speéds of 35 and 50 mi/h (56 and 80 km/h), which is the normal range of speed

for most truck traffic.

Based on the analysis of the collected data, it can be concluded that
the repeatability of the Dynatest, Kyowa, ARC, and core gauges is very good
even under the conditions that created relatively high standard deviations.

The gauges will be further evaluated based on the other criteria.
EFFECTS OF TEST VARIABLES ON THE RESPONSE OF GAUGES

Axle load, tire pressure, and truck speed were selected as the variables
for the field testing program. The first part of the anélysis deals with the
selection of those variables that -significantly affect the values of the
measured strains. If the effect of a variable (e.g., tire pressure, speed, or
load) is proven insignificant, this variable was omitted from further

evaluation.

The measured strain data from thin and thick structures under the
various combinations of load, tire pressure, and speed were plotted for both
single- and tandem-axle configurations (see appendix C in volume II of this

report). From these plots it is obvious that the effect of tire pressure on

40




strain at the bottom of the asphalt concrete layer is insignificant compared
to the effects of axle load and truck speed for all types of strain gauges.
Therefore, tire pressure was held at one level (i.e., 125 psi [863 kPa]) while

the effect of other variables (i.e., speed and axle load) was studied.

Effect of Axle load on the Response of Strain Gauges

It has been shown in various research studies that the load level has a
great effect on the measured strains at the bottom of the asphalt concrete
layer.[3:*] Therefore, the response of the different strain gauges under
various load levels is of interest because it will indicate how the individual
gauges perform when subjected to various levels of the strains. If one strain
gauge is very stiff compared to the others, then the slopes of the strain-
versus-load curve for this gauge will be smaller than the slopes of the other
gauges. To study this effect, the strain-versus-load curves for the various
types of strain gauges were developed. Figures 9 and 10 show typical strain-
versus-load curves for the single drive axle at speeds of 20, 35, and 50 mi/h
(32, 56, and 80 km/h) on the thick and thin pavement sections. Figures 11 and
12 show typical strain-versus-load curves for the tandem trailer axle at
speeds of 20, 35, and 50 mi/h (32, 56, and 80 km/h) on the thick and thin
pavement sections. The strain-versus-load curves for all gauges are shown in
appendix C of volume II1. The data show that the effect of increasing load
level from the intermediate to the fully loaded level on the measured strains
was consistent among all types of gauges under both the single- and tandem-
axle configurations. However, the effect of increasing the load level from

empty to the intermediate level on the measured strain was less consistent.

Effect of Truck Speed on the Response of Strain Gauges

The measurements from all of the types of strain gauges indicated that
the speed of the test vehicle has a significant effect on the measured
strains. Reductions in the measured strains on the order of 50 and 70 percent
were observed for speeds of 35 and 50 mi/h (56 and 80 km/h) when compared to
strains observed at 20 mi/h (32 km/h), respectively. Figures 9 through 12

also show the effect of speed on the measured strain from selected gauges.
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An attempt was made to correlate the effect of speed with tﬁe individual
gauge types: if speed has little effect on a certain type of gauge, a stiffer
gauge may be indicated. This relationship was not consistent, and even though
all gauges showed a reduction of measured strains under the higher speeds, the
degree of reduction was not consistent for units of the same gauge type. This

inconsistency made it impossible to correlate the speed effect to specific

gauge types.

Theoretically, there are two reasons for the reduction in the measured
strains as a function of speed: (1) the effect of viscoelasticity of the
asphalt concrete layer and (2) the effect of pavement inertia. Due to the
viscoelastic nature of the asphalt concrete material, the material will show
stiffer behavior under shorter loading times. The shorter loading times occur
at higher speeds, which explains the observed large reductions in the strains
under higher speeds. The effect of the pavement inertia can be investigated
by comparing the effect of speed on the strains from the thin and thick
sections. Because the thick section has greater inertia, the effect of speed
on the reduction of strains in the thick section should be more pronounced
than that of the thin section. Table 11 shows a comparison between the
percent reductions in the measured strains as a function of vehicle speed for
the thin and thick sections. The data indicate that there is no significant
difference between the average percent reductions from the thin and thick
sections. Therefore, it can be concluded that effect of the inertia of the

pavement is insignificant.
UNCERTAINTY

To study the uncertainty of the measurements from the various types of
strain gauges, several factors must be taken into consideration. First, the
gauges are installed at different stations along the longitudinal aiis of the
test section; therefore, the nonuniformity of the pavement material from one
station to another must be taken into account. For this purpose, the FWD
testing was conducted at 2-ft (.6-m) inter&als and the layer moduli were
backcalculated at each test point. Second, the layer thicknesses vary along

the length of the test section. It is expected that the variation in the
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Table 11. Percent reductions in the measured strains (with respect to
strain measured at 20 mi/h [32 km/h]) as a function of vehicle speed.

Gauge Type
Axle Speed
Section Type (mi/h) Dynatest Kyowa ARC Core Average
Thin Single 35 44 30 36 45 39
50 54 48 41 53 . 49
Tandem 35 38 32 35 42 37
~ 50 68 60 52 72 63
Thick Single 35 35 35 34 43 37
50 58 58 58 43 54
Tandem 35 42 36 40 51 42
' 50 63 62 67 58 63

l1mi=1.61km

thickness of the asphalt concrete layer is the major factor affecting the
measured strains at the bottom of the asphalt concrete layer. It was shown in
chapter 2 that the variation in the thickness of the asphalt concrete layer
was controlled to + 0.5 in (+ 13 mm). Third, the dynamic load profile of the
truck axles varies along the length of the section. The factors that affect
the dynamic load profile include: roughness of the pavement surface, load

level, truck suspension type, axle configuration, and truck speed.

One way of checking the uncertainty of measured strains is to compare
them to theoretical strains. The solution of an elastic multilayer pavement
model can be used to predict the theoretical strains. The variations in the ’

previously mentioned factors may be considered as follows:

1. Nonuniformity of pavement material. The nonuniformity in the
pavement material properties can be handled using the FWD
backcalculated moduli at the corresponding stations where the strain
gauges are installed. The effect of pavement temperature can be
accounted for by adjusting the moduli of the asphalt concrete layer
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to the average pavement temperature at the time of testing. The
temperature adjustment procedure recommended in the AASHTO Design
Guide was used.!!]

2. Layer thickness variability. The variability in the thickness of
the asphalt concrete layer can be handled by assuming that the
thickness of the asphalt concrete layer at any point may vary from
the design thickness by #+ 0.5 in (+ 13 mm). This variation will
lead to the evaluation of a range of theoretical strains for each
station. The mean value of the measured strains and the mean + 1
standard deviation can then be compared to the range of the
theoretical strains.

3. Dynamic load profile. Pavement response is affected not only by the
static (or very low frequency) wheel load but also by a dynamic
component of the load. That dynamic load component, commonly
represented by a dynamic load coefficient (DLC), is induced by an
interaction of pavement roughness and vehicle dynamics, mainly tire
and suspension characteristics. The pavement profile for the entire
length of the test track, including the test sections, was measured
and is shown in figure 13. The International Roughness Index (IRI)
for this profile was calculated to be 5 m/km (317 IPM). This level
of roughness may cause significant variation in the measured strain.
However, to estimate the magnitude of the strain variation, the
parameters of the truck dynamics would have to be determined, in
addition to the pavement profile data. Therefore, even though the
effect of pavement roughness on measured strain was expected to be
significant, it could not be estimated quantitatively within the
scope of this study.

Using the first two factors, researchers determined the range of the
theoretical strains from the elastic multilayer solution and compared them to
the measured strains at 20 mi/h (32 km/h) as shown in figures 14 through 17.
The layer moduli used in the theoretical analysis were backcalculated from the
FWD deflection data. The data in these figures show that the measured strains
are in the range of the calculated strains except for the ARC gauge, which is
always measuring higher strains than the calculated values. It is important
to recognize that the layer moduli used in this analysis were evaluated
independent of the measured strains and adjusted based on the measured
temperature throughout the asphalt concrete layer. The variation in the
calculated envelope represents the variation of the material properties from
one point of the test section to another. The fact that the measured strains
are higher than calculated values for some stations and lower than the
calculated values at other stations further emphasizes the effect of the

dynamic load profile. Overall, the uncertainty of the strain gauges is very
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Figure 14. Ccmparison of measured and calculated strains under a drive single axle
, load of 20,000 1b (9 080 kg) for the thin section.
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small exéept for the ARC gauge, which measured higher strains for both

sections and under different load levels.
REGRESSION ANALYSIS OF STRAIN MEASUREMENTS

Because all strain gauges were installed at the same level and in the
same direction at the bottom of the asphalt concrete layer, the relationship
between the measurements from the individual gauges and the average
measurements of the entire groups of gauges was investigated. Various linear
regression analyses were conducted, in which the response of the individual
gauges was considered as the dependent variable, and the overall mean of all
types of gauges was considered as the independent variable. Throughout the
entire testing program, the ARC gauges showed extremely high strain
measurements compared to the other three groups of gauges. This trend was
present in the data collected from both the thin and the thick sections.
Therefore, the ARC gauge measurements were dropped from the regression

analysis. The mathematical expression for the linear regression model is:
y=a+bx + ¢ (2)

where

dependent variable

intercept

slope

E N - A ]
]

independent variable

€ = error

To evaluate the performance of the individual gauges compared to the
entire group of gauges, the intercept (a), the slope (b), the coefficient of
correlation, and the standard error of parameter.estimates should be examined.
A good regression model has a low intercept, a slope close to unity, a high

coefficient of correlation, and a low standard error of estimates.

The overall regression analysis included the development of the linear

models for each combination of test variables, for stage I and II, and for
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both test sections.!®) Table 12 shows the summary of the statistical analysis
for the various types of gauges. Figures 18, 19, and 20 show the actual data
for the Dynatest, Kyowa, and core gauges, respectively.

The data show that the intercepts of the regression models are very
small, especially for the Dynatest and Kyowa gauges, and the slopes are very
close to unity. Considering the Dynatest gauges, it is clear that an
intercept of -5.58 microstrains, a slope of 1.017, an R-squared value of 98.7
percent, and an error of estimates of 13.32 microstrains indicate a very good
fit between this type of gauge and the overall mean of all gauges. The Kyowa
gauges also indicated very good correlation with an intercept of -3.18
microstrains, a slope of 1.108, an R-squared value of 97.94 percent, and an
error of estimates of 17.33 microstrains. Even though the standard errors df
estimates are larger than the minimum measured strains, this should not be
considered a bad performance because in actual field measurements, these low
strain values would not be of any interest. Therefore, if the specific gauge
did not accurately measure the extremely low strains, this would not be of

serious concern to the pavement engineers.

The comparison of the performances of the Dynatest and Kyowa gauges is a
very interesting step at this stage because the two gauges are identical in
design concept and physical structure (both are H-gauges), but the Kyowa
gauges are about 10 times less expensive than the Dynatest gauges. Based on
the regression analyses, the performance of the Kyowa gauges is as good as
that of the Dynatest gauges in all aspects (i.e., low intercepts, good slopes,
high R-squared values, and low standard error of estimates) and under all

combinations of loading conditions.

The core gauges performed somewhat inconsistently. The slopes of the
regression lines were lower than the slopes of the two other types 6f gauges.
Based on the combined data from all tests, the core gauges have the highest
intercepts and standard error of estimates, the lowest R-squared value
(93.15), and the lowest slope (.768). Apparent poor performance of the core
gauges, compared to the other gauges, can be explained by the major
differences in the strain-measuring concepts and the installation procedures.

The core gauges consist of strain gauges glued to the bottom of extracted
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Table 12. Statistical summary of the regression analysis for the
thin and thick section, drive and trailer axles,
stages I and II, phase I.

Independent Variable: Average value of all the gauges.

Dependent Intercept Slope Sample R-squared  Std. Error

Variable a b Size % of Est. Mean Minimum Maximum

Dynatest -5.58 1.017 399 98.70 13.32 139.2 2 622

Kyowa -3.18 1.108 480 97.94 17.33 141.3 5 632
462

Core 12.59 .768 478 93.15 . 22.31 112.2, 11
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cores using a certain type of epoxy, and the instrumented core is glued into
the test section. One unique feature of the core gauges is that they can be
retrofitted into new and old pavement sections, while the H-gauges must be
installed during construction of new sections. ;Ihe use of epoxy to glue the
gauges to the cores may have been the major‘coﬁﬁributor to the different
performance of the core gauges when compared with the other gauges. Another
major contributor to the difference in the performance of the core gauges is
the fact that the retrofitted core is not an integral part of the pavement.
However, it is expected that if an appropriate calibration procedure can be
developed to take into consideration the effect of the epoxy on the response
of the core gauges, then the performance of the core gauges will be greatly
improved. Therefore, the relatively poor performance of the core gauges
compared to the other two types of H-gauges should not jeopardize their
potential usefulness, but a better calibration procedure should be

investigated.

STRAIN MEASUREMENT IN THE SUBGRADE LAYER

Two soil strain gauges were installed in each of the test sectioms.
Both gauges are of the LVDT type, designed and manufactured by TRRL of
England.!*! Researchers intended to use the soil strain data to evaluate the
in situ shear modulus of the subgrade material. Therefore, the gauges were
installed in the longitudinal direction at depths of 2.5 and 6.5 in (64 and
165 mm) below the top of the subgrade in the outer wheel track of both

sections.

The data from the soil strain gauges were collected along with the data
from other gauges using the same data acquisition software. The measurements
were converted into engineering units using the appropriate calibration factor
and then divided by the total gauge length to obtain the strain value. The
LVDT's used in the gauges have a maximum range of + .12 in (+ 3 mm) and a

total gauge length of 3.2 in (81 mm).
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SURVIVABILITY

A special tool was designed to act as a spacer to hold the LVDT at or
around its zero position during installation. Special care was taken during
compaction of the surrounding soil to ensure that the LVDT stayed very close
to its zero position. All four gauges were installed during an intermediate
stage of the construction, after the base course was in place and before the
placement of the asphalt concrete layer. All four gauges survived the
installation activities. The gauge placed 2.5 in (64 mm) below the top of the
subgrade of the thin section was unoperational after the placement and
compaction of the asphalt concrete layer and after testing. Therefore, a 75-
percent survival rate was attained with this type of soil strain gauge. This
level of survivability is considered very good for this kind of application.

REPEATABILITY

Four replicate measurements were obtained for each combination of the
test variables. Because these gauges were installed at great depths below the
pavement surface (1l4.5 and 18.5 in [368 and 470 mm] for the thin section and
22.5 and 26.5 in [572 and 671 mm] for the thick section), the measuring
signals were very weak and not all combinations of load and speed produced
meaningful strain data. For example, the empty load level did not produce any
measurable strains at these depths. Also, at 35 and 50 mi/h (56 and 80 km/h),
a single peak was distinguished for the entire truck, which indicates that the
strains from the steering, drive, and trailer axles at the depths where the
gauges are installed overlap each other. On the other hand, at 20 mi/h (32
km/h), each axle group was represented by a distinguishing peak. Also for the
intermediate load level, the deeper strain gauge in the thick section did not
measure any strains at speeds of 35 and 50 mi/h (56 and 80 km/h).

A majority of the coefficients of variation obtained in the statistical
analysis of the soil strain measurements are close to 10 percent, which
indicates that the soil strain gauges have good repeatability. Under certain
combinations of test variables, the strain level was approximately 6

microstrains and was still measured with good repeatability.
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EFFECTS OF TEST VARIABLES ON THE RESPONSE OF SOIL STRAIN GAUGES

It was mentioned earlier that only certain combinations of the test
variables produced measurable strains at the location where the soil strain

gauges were installed in both the thin and thick sections.

The effects of load level and speed on the measurement of the soil gauge
6.5 in (165 mm) deep (from top of subgrade) in the thin section under the
single drive axle are shown in figure 21. The data show that the load level
has a significant effect on the values of the measured strains. Also,
changing the speed from 20 to 35 mi/h (32 to 56 km/h) significantly affects
the strains. Changing the speed from 35 to 50 mi/h (56 to 80 km/h) did not
produce any significant change in the strains. The data show that reducing
the load by 40 percent causes a 75-percent reduction in the strains. However,
keeping the load constant and changing the speed from 20 to 35 mi/h (32 to 56
km/h) will also produce the same magnitude of reduction in the strains. Also
note that these measurements have very good repeatability. Figure 22 shows
the data from the tandem trailer axle, which are very similar to the data from
the single drive axle.

In the case of the thick section, both the 2.5- and 6.5-in (64- and
165-mm) deep soil strain gauges were operational. However, the soil strain
gauge 6.5 in (165 mm) deep (from top of subgrade and 26.5 in [673 mm] from
pavement surface) did not register any strains under the intermediate load
level at speeds of 35 and 50 mi/h (56 and 80 km/h).

Figures 23 and 24 show the strain measurements from the 6.5-in (165-mm)
deep strain gauge for the fully loaded conditions as a function of speed for
the single drive axle and tandem trailer axles, respectively. The effect of
speed is very significant between 20 and 35 mi/h (32 and 56 km/h). This is
very consistent with the data obtained from the thin section gauge. On the
other hand, figure 25 shows the strain data from the 2.5-in (64-mm) deep
strain gauge, which indicate an insignificant effect of speed for all three
levels. This is a very interesting observation, but it cannot be verified
against the data from the thin section because the 2.5-in (64-mm) deep gauge

in the thin section was unoperational. This significant effect of speed on
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the deeper strain gauge and the insignificant speed effect on the shallower
strain gauge may be explained by the effect of the pore water pressure in the
soil. The effective stress at any point within the soil is defined as the
total stress minus the pore water pressure. Therefore, an increase in the
pore water pressure would generate a reduction in the effective stress. In
pervious soils, the magnitude of the pore water pressure is directly related
to the length of drainage path--the longer the drainage path, the larger the
pore water pressure would become. At the shallower gauge, the pore water
pressure is reduced because it is close to the base-subgrade interface, which
reduces the drainage time. Therefore, the water pore pressure does not affect
the developed strains. On the other hand, at the deeper gauge, the drainage
time is longer because the gauge is further below the base-subgrade interface;

therefore, the pore water pressure affects the strains under various speeds.

Basically, the soil strain gauges operated ver& satisfactorily under the
conditions where large enough strains were develgped. As expected, the effect
of load level was very noticeable in all the responses of the gauges. An
interesting observation was made about the effect of speed on the strains at
various levels in the subgrade. The measurements of the deep gauges (6.5 in
[165 mm] below top of subgrade) were consistent in both sections. The
measurements of the shallower gauge in the thick section could not be checked

because the corresponding gauge in the thin section was unoperational.
UNCERTAINTY

The uncertainty of the soil strain measurements was investigated by
comparing the measured values with the calculated values from the elastic
multilayer solution. The range of calculated strains was obtained by allowing
+ 0.5 in (+ 13 mm) of variation in the asphalt concrete layer thickness. The
measured soil strains at the speed of 20 mi/h (32 km/h) and the calculated
upper and lower limits are plotted in figures 26 through 28. There are large
variations between the measured and calculated values. The maximum variations
existed at the deepest strain gauge location in the thick section. This
variation was expected because the theory does not represent the actual
nonlinear response of the subgrade and the maximum disagreement was expected

at the lowest strain values as it appeared in the graphs.
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Figure 26. Comparison of the measured and calculated soil strains under the

drive single axle of the thick section, 2.5 in (64 mm) from top of subgrade.
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Figure 27. Comparison of the measured and calculated soil strains under the

drive single axle of the thick section, 6.5 in (165 mm) from top of subgrade.
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Figure 28. Comparison of the measured and calculated soil strains under the
drive single axle of the thin section, 6.5 in (165 mm) from top of subgrade.



COMPRESSIVE STRESS MEASUREMENTS
SURVIVABILITY OF THE PRESSURE CELLS

Two diaphragm-type pressure cells were installed in the thin section as
shown in figure 3. Methods of installation as described in chapter 2 were
followed. Both cells were installed during construction of the test sections.
One of the pressure cells failed during construction, leaving only one
operational pressure cell. The cell failed because of an excessive permanent
stress at the active face of the cell: This may have been due to the direct
contact of a sharp aggregate with the active face of the cell. It also should
be noted that, as a rule, this type of pressure cell was always used in fine-
grained soils. This was the first application in which these cells were
installed in contact with asphalt concrete and crushed aggregate bases. It is
possible that the protection of the celis fro$ sharp aggregates by a thin
1#yer of sand was inadequate under dynamic loading conditions. Because only
two pressure cells were installed, no firm conclusions can be drawn with

respect to their survivability.
REPEATABILITY

The pressure cell measurements were collected along with the other gauge
(i.e., strain gauge and deflection gauge) measurements. Four replicates were
collected for each combination of the test variables. A typical response from
the pressure cell is shown in figure 29. The mean, standard deviation, and
coefficient of variation are summarized in table 13. The. data show that all
coefficients of variations are below 10 percent, which indicates good

repeatability of the pressure cell.
EFFECT OF TEST VARIABLES ON THE PRESSURE CELL MEASUREMENTS

The response of the pressure cell under the various combinations of test
variables is described in this section. The results of measurements for all
combinations of test variables are plotted in figures 30 and 31. The data

show that the load level is the most significant factor. The effects of truck
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Table 13. Summary of the means, standard deviations, and coefficients of variation for the
Nottingham-type pressure cell.

Standard Coefficients of
Axle Type " Axle Load (kips) Speed (mi/h) Mean* Deviation* Variation (%)

Single Drive Axle 20 20 5.17 0.19 3.68
35 4.96 0.21 4.23
50 © 3.99 0.15 3.76
Tandem Trailer Axle 38 20 5.47 0.17 3.11
(Rear. Axle) ‘ 35 5.37 0.17 3.17
N 50 5.05 0.41 , 8.12
Single Drive Axle 12 20 2.60 0.15 5.77
35 2.55 0.10 3.92
50 2.25 0.07 3.11
- Tandem Trailer Axle 21 20 3.94 0.22 .5.58
(Rear Axle) 35 3.16 0.06 1.90
) 50 3.36 0.16 4.76
Single Drive Axle 8 20 2.15 0.06 2.79
) 35 1.40 0.07 5.00
50 1.54 0.13 8.44
Tandem Trailer Axle 9 20 1.09 0.05 4.59
(Rear Axle) : 35 0.94 0.04 4.26
50 0.84 0.07 8.33

*All units are in psi.
1 mi=1.61 km :
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Figure 30. Effects of load, tire pressure, and speed on the response
: of the pressure cell, thin section, drive single axle.
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speed and tire pressure are insignificant for both single- and tandem-axle

configurations.

Reducing the load level of the single drive axle from 20 to 12 kips (88
to 53 kN) decreased the measured stress for all combinations of speed and tire
pressures by 45 to 50 percent. However, reducing the load level from 12 to 8
kips (53 to 35 kN) reduced the measured stress by 20, 47, and 30 percent for
speeds of 20, 35, and 50 mi/h (32, 56, and 80 km/h), respectively.

In the case of the tandem trailer axles, reducing the load level from 38
to 21 kips (167 to 92 kN) decreased the measured stress by 28, 47, and 30
percent for speeds of 20, 35, and 50 mi/h (32, 56, and 80 km/h), respectively.
Reducing the load from 21 to 9 kips (92 to 40 kN) resulted in an average
decrease in the measured stress of 72 percent for all speeds and tire

pressures.

Based on these observations, it can be concluded that the pressure at
the asphalt concrete-base interface is strongly affected by the load level.
However, the interactive effect of load level and axle configuration depends

on the testing speed.
UNCERTAINTY

Note that only one pressure cell was operational during the test
periods. The uncertainty of the measured pressures can be evaluated using an
approach similar to the one used in the study of uncertainty of the strain

measurements. The upper and lower limits of the calculated pressures were

‘obtained by varying the thickness of the asphalt concrete layer by + 0.5 in

(+ 13 mm). The measured pressures at 20 mi/h (32 km/h) and calculated static
pressures are plotted in figure 32. The calculated pressure values are always
higher than the measured ones and the difference becomes larger as the axle
load increases. It is expected also that the dynamic load profile is a major
factor on the measured pressures, but because only one pressure cell was
operational, no solid conclusions can be made. Even though the measured
pressures are different from the calculated ones, the pressure cell

measurements were very stable and consistently had good repeatability.
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ANALYSIS OF DEFLECTION DATA

Three types of deflection-measuring devices were selected for the field

testing experiment:

¢ Geophones.
® Single-layer deflectometer.

® Multidepth deflectometer.

The responses of the geophones and SLD devices under the various test
combinations were collected using the main data acquisition software. The MDD
responses were collected using a separate software and a separate computer

(see chapter 2).
SURVIVABILITY

Nine geéphones were installed at each section as shown in figures 2 and
3. After the construction of the sections was completed, one geophone at the
base interface and one geophone at the subgrade interface in the thin section
were unoperﬁtional. The rest of the geophones were operational for the entire
testing period. The survivability rate of the geophones was very good for
both sections: 78 and 100 percent for the thin and thick sectionmns,

respectively.

Two SLD’s were installed in the outer wheel path of the thick section--
one at the subgrade level and one at the base course level. Both devices were
retrofitted into the section after the construction was completed. The SLD
installed at the subgrade level was driven out of range shortly after
installation, and no data could be obtained from it. Because the sample size
of the SLD’s was very small, no true survivability rate could be obtained for

evaluation.
The MDD’s were installed after construction, precluding any operational

losses during the construction process. Seven LVDT units were installed in

the two experimental pavements. Three units were installed in the thin
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section at the layer interfaces (6 and 14 in [152 and 356 mm]) and 12 in (305
mm) into the subgrade. Four units were installed in the thick sections at 3,
10, 20, and 32 in (76, 254, 508, and 813 mm), the top two of which were
located in the asphalt surfacing. Schaevitz DC-E series LVDT's with a range
of + .1 in (£ 2.5 mm) were used. All seven LVDT's were working correctly

after installation, and tests were made with the falling weight deflectometer.

Truck testing began about 1 month after installation, and problems were
encountered with two LVDT's in the thick section. The LVDT at 32 in (813 mm)
gave erratic readings due to a build-up of moisture at the bottom of the MDD
hole, causing problems with the circuitry of the LVDT. This LVDT was not used
during the tests; the only data obtained from this unit were the data
collected immediately after installation. No additional data were collected
from the MDD module at 10-in (254-mm) depth during this test due to
misadjustment of the MDD central core. Under test traffic, MDD data were
coilected successfully on MDD modules 1 and 3 on the thick section. All of
the three MDD's in the thin section worked, and a complete set of data was
collected. It was learned that in order to ensure long-term durability of a
DC LVDT, it is recommended that hermetically sealed units be used to minimize
damage due to high humidity and moisture build-up. In general, two LVDTI's

were unoperational in the thick section, and all LVDT's were operational in

the thin section during the testing period.

REPEATABILITY

The responses of the geophones were collected both under the FWD and
truck loading. For the FWD case, the loading plate of the FWD was centered
over the embedded surface geophone as closely as possible. The responses of
the FWD geophones located at the center of the loading plate were collected
and analyzed by the FWD machine. The responses of the embedded geophones were
collected by the general data acquisition system. The results from the FWD
deflections and the embedded geophones are shown in table 14. The data show a
very close agreement between the FWD deflections and the embedded geophones

measurements, which indicated that the geophones were operating properly.

80




Table 14. Geophone data under FWb.

Peak Deflection (mils)

Station Load FWD Embedded

Section (ft) (1b) ~ Geophone Geophone

Thin 36 8,236 19.11 17.02
36 8,328 18.90 16.67
40 8,143 22.20 23.10
40 8,328 21.03 21.96
40 8,421 21.44 21.60
41 8,143 23.11 24,13
41 8,421 22.03 20.96
41 8,236 22.26 22.31

Thick 36 8,236 9.09 7.97
36 8,328 9.06 7.90
40 8,236 8.92 7.14
40 8,236 8.90 7.15
42.5 8,328 9.06 8.96
42.5 8,328 9.00 8.65
42.5 8,328 8.90 8.59

1 ft=.305m

11b=4.5N
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The geophone responses under truck loading were collected for all
combinations of the test variables. The analysis of the data under the single
drive axle showed that ﬁhe measurements taken at 20 mi/h (32 km/h) are not
good because the speed was too slow to provide good geophone signals.
Therefore, the geophone data for 35 and 50 mi/h (56 and 80 km/h) were
analyzed. The good geophone data are summarized in table 15 for the three
surface geophones. The empty load level on the thick section did not produce
good measurements. As mentioned earlier, the data in table 15 represent the
best data obtained from the geophones. Even for the best data, the standard
deviations and coefficients of variation are quite large, especially for the
intermediate and empty load levels. Therefore, it is obvious that the 10-Hz
geophones are not sensitive enough for this kind of application. The use of
the 10-Hz geophones for measurement of pavement deflection is not recommended
except when test conditions include a combination of heavy loads, high speeds,

and thin pavement.

Attempts were made to.integrate the geophone signals generated under the
tandem axles. The resulting deflections'were widely distributed, and no
correlations existed between the various replicates. The reason for this Bad
performance is that the initial conditions of the geophone must always be at
rest (i.e., at t =0, v=0, x = 0) in order to pick a clean peak velocity and
to have meaningful deflections based on the integration of the velocity
signals. This ideal case does not exist in a pavement section subjected to a
moving truck load. The first blow of the FWD loading can be represented by
the ideal case, which is why the embedded geophones worked well under the FWD
loading.

The data from the operational SLD at the base course level were
collected under all combinations of test variables. The measured deflections
at the asphalt-base interface have shown that changing the tire pressure 1e§e1
from 100 to 125 psi (690 to 863 kPa) does not significantly affect the
response of the SLD. Therefore, the data from the two levels of tire
pressures were combined, and the means, standard deviations, and coefficients
of variations of the combined data were evaluated and are summarized in table
16. All the coefficients of variations are below 10 percent, which indicates

that the SLD is a very precise device. Combining the two levels of tire
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Table 15. Summary of the means, standard deviations, and coefficients of variation
for the surface geophones under the single drive axle.

Gedphone 1 Geophone 2 Geophone 3

Pavement Single Axle = Speed
Section Load (kips) (mi/h) Mean  STD* COV(X)* Mean STD Ccov(%) Mean STD COV(X)
Thin 20 35 10.89 3.75 34.44 15.20 1.73 11.40 12,59 2.36 18.77
50 9.87 1.25 12.64 9.83 0.84 8.56 9,12 1.29 14.13
12 35 6.61 2.45 37.05 7.07 2.35 33.25 8.13 1.67 - 20.51
50 3.50 1.30 37.02 4,54 0.89 19.66 3.87 0.91 23.39
8 35 5.00 1.12 22.47 4.47 1.17 26.16 4.59 1.67 36.37
' 50 2.85 0.78 27.44 2.68 0.38 14.01 2.97 0.68 22.78
Thick 20 35 9.79 1.29 13.90 8.63 0.96 11.12 - 8.31 2.24 27.02
50 4.95 0.72 14.51 5.69 0.37 6.59 6.08 0.41 6.78
12 35 5.23 1.06 20.17 3.87 1.35 34,95 4.72 1.15 24.45
50 2.61 0.51 19.55 1.78 0.37 21.02 1.74 0.48 27.43

*STD = Standard Deviation

COV = Coefficient of Variation = STD/Mean
**All units are in mils.

1 mi=1.61 km



Table 16. Summary of the means, standard deviations, and coefficients of variation for the
single-layer deflectometer.

Standard Coefficients of
Axle Type Axle Load (kips) Speed (mi/h) Mean#* Deviation* Variation (%)

Single Drive Axle 20 20 8.09 0.40 4.94

35 7.04 0.34 ' 4.83

50 7.03 0.44 6.26

I Tandem Trailer Axle 38 20 8.62 0.15 1.74
(Rear Axle) 35 8.51 0.24 2.82

50 7.17 0.53 7.39

R

Single Drive Axle 12 20 4,82 0.36 7.47

35 3.42 0.25 7.31

50 3.28 0.18 5.49

Tandem Trailer Axle 21 20 5.78 0.41 7.09

(Rear Axle) 35 4.93 0.33 6.69

] 50 3.34 0.26 7.78
Single Drive Axle 8 20 2.77 0.15 5.42

35 2.67 0.23 - 8.61

50 2.55 0.13 - 5.10

] Tandem Trailer Axle 9 20 1.41 0.11 7.80
(Rear Axle) 35 1.30 0.09 6.92

50 1.43 0.10 6.99

*All units are in psi.
lmi=1.61 km




pressures provides eight replicates for each combination of speed, axle, and

axle type.

The data from the MDD'’s were also collected under all combinations of
test variables. The measurements from the two levels of tire pressure were
combined. The means, standard deviations, and coefficients of variations for
all combinations of test variables on the thin section are shown in table 17.
The summary data on the thick section include only tﬁe intermediate load level
(see table 18). The data show that the MDD results are very repeatable.

As mentioned earlier, three surface geophones were installed in each
section, and the top LVDT of the MDD was located 1 in (254 mm) below the
surface of the pavement. Therefore, the data from the surface geophones and
the top LVDT can be compared under various combinations of test variables.
Table 19 shows the means of the measurements from the surface geophones and
the first LVDT. The data indicate that the measurements obtained with the
geophones and the MDD become close at a speed of 35 mi/h (56 km/h) and deviate
at a speed of 50 mi/h (80 km/h). The truck speed did not significantly affect
the MDD deflections, while the surface geophones data indicated the contrary.
The geophones data under truck loading showed very large standard deviations
and coefficients of variations for the very limited set of data for which the
geophones have produced meaningful results. In summary, there are larger
discrepancies between the surface geophones data and the first LVDT data,
especially at the speed of 50 mi/h (80 km/h); however, the geophones data
could not be trusted because they showed large variability.

EFFECTS OF TEST VARIABLES ON THE RESPONSE OF GAUGES

Based on the repeatability analysis of the geophones data, it was
concluded that the majority of the geophones data are not good. Therefore,
the effects of test variables and uncertainty analyses for the deflection

gauges were evaluated only for the SLD and MDD measurements.
The effects of tire pressure, speed, and load level on the SLD

measurements are shown in figures 33 and 34. As the figures illustrate, load

level has the most significant effect for both the single drive axle and the
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Table 17. Summary of the means, standard deviations, and coefficients of variation for the multidepth
deflectometer on the thin section. ‘
MDD1 - MDD2 MDD3
Axle Speed

Axle Type Load (kips) (mi/h) Mean  STD* COV(%)* Mean STD COV(%) Mean STD COV(%)
Single Drive 20 20 14.51 1.42 9.79 8.28 0.95 11.47 2.26 0.26 11.50
Axle 35 11.77 0.48 4.09 6.60 0.30 4,55 1.83 0.09 4.92
50 14.82 0.95 6.41 8.61 0.54 6.27 2.31 0.10 4.33

Tandem Trailer 38 20 16.17 1.21 7.48 9.41 0.86 9.14 2.70  0.29 10.74
Axle (Rear Axle) 35 11.19 0.50 4.47 6.35 0.32 5.04 1.92 0.06 3.13
50 16.65 1.19 7.15 9.91 0.65 6.56 3.00 0.16 5.33

Single Drive 12 20 6.12 0.49 8.01 3.36 0.25 7.44 1.01 0.06 5.94
Axle : 35 5.09 0.37 7.27 2.78 0.19 6.83 0.86 0.06 6.98
50 5.91 0.50 8.46 3.18 0.23 7.23 0.97 0.05 4.80

Tandem Trailer 21 20 8.30 0.56 6.75 4,72 0.25 5.30 1.56 0.06 3.95
Axle (Rear Axle) 35 7.20 0.32 4.44 4.07 0.17 4.18 1.34 0.06 4.48
50 7.75 0.97 12.50 4,46 0.56 12.51 1.57 0.14 9.22

Single Drive 8 20 3.23 0.24 7.38 1.69 0.10 6.03 0.63 0.02 3.82
Axle 35 3.58 0.36 10.15 1.91 0.21 11.18 0.70 0.06 8.57
50 2.64 0.28 10.54 1.42 0.15 10.78 0.54 1.05 8.61

Tandem Trailer 9 20 1.77 0.17 9.60 0.91 0.08 8.79 0.39 0.03 7.69
Axle 35 1.77 0.11 6.21 0.91 0.09 9.89 0.43 0.03 6.98.
‘ 50 1.36 0.26 19.12 0.65 0.11 16.92 0.36 0.04 11.76

*STD = Standard Deviation
COV = Coefficient of Variation = STD/Mean
*%A11 units are in mils.
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Table 18. Summary of the means, standard deviations, and coefficients of variation for
the multidepth deflectometer on the thick section.

MDD1 MDD3
Axle Speed
Axle Type Load (kips) (mi/h) Mean STD* COV(X)* Mean STD* COV(X)*
Single Drive :
Axle 12 20 4.56 0.30 6.58 1.54  0.10 6.49
35 4.27 0.28 .56 1.47 0.10 6.80
50 4.13 0.16 3.87 1.40 0.05 - 3.57
Tandem Trailer . .
Axle (Rear Axle) 21 20 5.59 0.19 3.40 . 2.03 0.09 4.43
35 5.47 0.28 5.12 2.06 0.10 4.90
50 5.70 0.23 4.04 2.13 6.10

0.13

*STD = Standard Deviation

COV = Coefficient of Variation = STD/Mean

*%All units are in mils.
lmi=1.61 km



Table 19. Summary of the means of the surface geophones and the first LVDT of the MDD.

X

Pavement Single Axle Speed Geophone 1 Geophone 2 Geophone 3

Section Load (kips) (mi/h) (mils) (mils) (mils) MDD1

Thin 20 35 10.89 15.20 12.59 11.77

50 9.87 9.83 9.12 14.82

12 35 6.61 7.07 8.13 6.12

50 3.50 4.54 3.87 5.91
(o]
(o]

8 35 5.00 4.47 . 4.59 3.58

50 2.85 2.68 2.97 2.64

Thick 12 35 5.23 3.87 4.72 - 4.27

50 2.61 1.78 1.74 4.13

1 mi=1.61 km
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Figure 33. Effects of load, tire pressure, and speed on the response of the SLD
at the surface/base interface of the thick section, drive single axle.
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tandem trailer axle. For the single drive axle, the deflection for the fully
loaded case is 65 percent higher than the deflection for the intermediate load
level for a speed of 20 mi/h (32 km/h); it is 100 percent higher for speeds of
35 and 50 mi/h (56 and 80 km/h). Under the empty load level, the effects of
speed and tire pressure are insignificant. For the tandem axles, the load
level is also the most significant factor. The deflections for the fully
loaded case are 65 percent higher than deflections for the intermediate load
level at speeds of 20 and 35 mi/h (32 and 56 km/h); it is 100 percent higher
for a speed of 50 mi/h (80 km/h). For the empty load level under the tandem

axles, the tire pressure and speed effects are both insignificant.

Finally, it can be concluded that the operational SLD performed
excellently under all test combinations. The effect of speed on SLD
measurements differs from the single drive axle to the tandem axles. In the
case of the drive axle, the effect of speed was pronounced between 20 and 35
mi/h (32 and 56 km/h); for the tandem-axle case, the effect of speed was
pronounced between 35 and 50 mi/h (56 and 80 km/h).

To demonstrate the effect of the test variables on the response of the
MDD's, figures 35 and 36 have been drawn from the collected data. These
figures show the pavement response for the single axle on the thick and thin
pavements. The vertical strain is calculated by dividing the relative
vertical deflections at consecutive MDD locations by the corresponding
distance. Unexpected results for deflection (and vertical strain) versus
speed were obtained on the thin pavement section. The minimum deflections
under the fully loaded single axle were measured at 35 mi/h (56 km/h). The
results at 20 and 50 mi/h (32 and 80 km/h) were similar but higher than the 35
mi/h (56 km/h) results. It was expected that as speed increased, the pavement

deflections would decrease as was observed on the thick pavement (figure 36).

As anticipated, axle loads have a major impact on pavement.response.
This response is distinctly nonlinear: a 59-percent increase in axle load (12
to 20 kips [53 to 89 kN]) resulted in a 173-percent increase in deflection.
This nonlinear response contradicts the strain gauge and FWD measurements.
Tire pressures did not appear to have any major impact on the measured

pavement responses (figures 35 and 36).
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Figure 35. Effect of test variables on multidepth deflectometer
output (thin pavement/single axle).
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UNCERTAINTY OF THE MEASURED DEFLECTIONS

The uncertainty of the SLD measurements was investigated using the same
approach as in the strain and pressure measurement cases. The FWD
backcalculated moduli at the station where the SLD was installed were used in
the multilayer elastic solution and the upper and lower limit values were
calculated based on thickness variation of + 0.5 in (+ 13 mm). The data of
the SLD at 20 mi/h (32 km/h) are plotted in figure 37. A very good agreement
is found at all load levels. This indicates that the SLD is a very stable,

repeatable, and low-uncertainty piece-of instrumentation.

In order to evaluate the uncertainty of the MDD measurements, the FWD
backcalculated moduli were used to conduct a sensitivity analysis to evaluate
the effect of parameters on the expected response of the MDD's. For each case
of the analysis, a single parameter, layer thickness or modulus, was varied
about the mean value, and the effects on the predicted MDD measurement were
evaluated. The results are tabulated in tables 20 and 21. From these tables,
given all of the assumptions involved, it can be concluded that the measured
MDD deflections closely matched those theoretically predicted using the linear
elastic theory.

AUXILIARY MEASUREMENTS
MOISTURE MEASUREMENTS

Suction and temperature readings for the thick and thin instrumented
borings were made on June 16, 1989, and on October 25, 1989. Readings for all

sensors are shown in table 22.

The results of the two sets of data for the thin section are‘generally
consistent. Positive suction values were obtained at a depth of 5.5 ft
(1.7 m) for both dates, indicating wet conditions in the soil surrounding the
sensor. Dry conditions wefe observed for both dates at a depth of 3.5 ft
(1.1 m), and approximately neutral conditions were obtained for the base

course.
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Table 20. Sensitivity analysis on thin pavement--predicted
MDD values versus measured MDD values.

Calculated Measured

Variable Range Values Value
Surface 5.5 to 6.0 in : 15.46 to 16.82 15.36
Thickness

"Base 7 to 9 in 15.55 to 16.70 15.36
Thickness

Base 4.0 to 6.6 ksi 15.10 to 17.10 15.36
Modulus

Subgrade 15.5 to 25.5 ksi 15.04 to 17.22 15.36
Modulus

1in=25.4 mn

Table 21. . Sensitivity analysis on thick pavement--predicted
MDD values versus measured MDD values.

Calculated Measured

Variable Range ' Values Value
Surface 9 to 11 in 6.93 to 8.25 6.80
Thickness

Base 9 to 11 in 7.43 to 7.77 6.80
Thickness

Base 7.8 to 17.8 ksi 6.90 to 8.30 6.80
Modulus

Subgrade 22.7 to 32.7 ksi 7.27 to 7.93 6.80
Modulus

1l in = 25.4 mm
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Table 22. Suction and temperature readings from the
thin and thick test sections.

June 16! 1989 October 25, 1989

Pavement Depth Temperature* Temperature
Thickness (ft) Suction (°C) Suction (°c)
Thick Base -0.254 21.05 -1.648 11.42
3.5 0.063 1 19.24 -4.494 10.06
5.5 -0.586 16.31 - 0.059 15.25
Thin Base -0.118 19.55 -0.003 11.92
3.5 -2.234 17.40 -2.546 13.02
5.5 0.177 15.80 0.226 14,24

*Temperature-measuring device measures in °C.
1l ft= 305 m
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Teﬁperatute conditions for the thin section sensors were observed to be
reasonable for the two dates. Readings obtained in June decreased from 67 to
60 °F (20 to 16 °C) as the depth decreased from the base course to 5.5 ft
(1.7 m) below the surface. Readings taken in late October increased from 54
to 57 °F (12 to 14 °C) over the same change in élevation. Seasonal variations
and the effect of ambient temperature were clear for the base course sensor,
and reduced influence was observed in the lower sensors until the lowest

sensors approach (but do not reach) constant temperature with time.

Less consistent results were observed for the thick section. Dry
conditions were indicated by the base course sensor (suction = -1.648) for the
October reading. To achieve this, the base course must have been draining any
water that entered it and experiencing significant moisture deficiency as
well. The sensor located at 3.5 ft (1.1 m) was apparently failing because the
suction reading indicated excessively dry conditions. When the sensor
"completely fails," a reading of 99.99 or a "no reading" will be obtained, but

unreasonable readings often occur prior to outright failure.

Similar temperature trends were observed for both the thick and thin
sections. A condition of constant temperature was approached but not reached
at a depth of 5.5 ft (1.7 m).

Two unsuccessful attempts were made to collect data from the nuclear
dual tubes--one in June (immediately after installation) and one in October.
Unfortunately, the equipment did not operate properly. It appeared that the
data collection process was very complex and sensitive and required
considerable previous experience for a successful experiment. Therefore, no
data were obtained, and no recommendations or conclusions could be drawn

concerning this system.
TEMPERATURE MEASUREMENTS

Knowing the temperature distribution throughout the asphalt concrete,
base course, and subgrade layers is very important because temperature affects

the in situ properties of these layers and, most significantly, the properties

of the asphalt concrete layer. As discussed earlier, thermocouples and solid
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state seﬁsors were selected for this experiment. Both sensors weré installed
side by side on a temperature tree that ran from the surface through the base
course and into the subgrade. The actual locations of the sensors in each
layer are shown in figures 2 and 3. The purpose of this test was to monitor
the temperature variation throughout the pavement layers during testing and to

check the measured values from the different types of sensors.

Eight thermocouples and eight solid state sensors were installed in each
temperature tree. One temperature tree was installed in each of the test
sections. All of the sensors survived the construction and installation
activities, and they remained operational throughout the entire testing
period.

Test operators manually collected the temperature measurements and
entered the values into prepared forms. The data were collected at 30- to 45-
min intervals during testing periods. The top four sensors were located
within the asphalt concrete layer; therefore, the average of these four
sensors represents the average temperature of the asphalt concrete layer. .
Upon evaluation, the measurements from the solid state and thermocouples often
did not agree. The thermocouples sometimes showed higher or lower
temperatures than the solid state sensors. The maximum discrepancy between
the two types of sensors was approximately 5 to 6 °F (2.8 to 3.3 °C). For a
temperature in the range of 65 to 72 °F (18 to 22 °C), the maximum discrepancy
was in the order of 2 °F (1 °C).

Because the ultimate goal is to evaluate the average temperature of the
asphalt concrete layer, the differences in this value as measured by the
thermocouples and solid state sensors should be examined. An examination of
the overall data indicates that for average asphalt layer temperatﬁres in the
range of 68 to 77 °F (20 to 25 °C), the thermocouples and solid state
measurements were very close to each other, with a maximum difference of 1 °F
(0.6 °C). For average asphalt layer temperatures above 80 °F (27 °C), the
solid state sensor measurements were 2 to 5 °F (1 to 3 °C) higher than the
thermocouple measurements most of the time. A small laboraéory experiment was
conducted to explain the discrepancy. 1In the experiment, a calibrated mercury

thermometer, a solid state sensor, and a thermocouple were all placed in a
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bucket of water. The water temperature was reduced to 32 °F (0 °C) and then
brought up to two other levels. The readings from the three sensors were
taken simultaneously. The data, shown in table 23, indicate that the
thermocouples always measured 2 to 5 °F (1 to 3 °C) lower than the solid state
sensors. Thermocouples are known to have a slow and nonlinear response to
temperature variation, which may have contributed to the discrepancy. Even
though a discrepancy exists between the two sensors, both of them were very

consistent throughout the entire testing period.

Table 23. Temperature measurements from the
controlled laboratory experiment.

Calibrated
Mercury Solid State Thermocouple
Thermometer Sensor Sensor
(°F) -(°F) (°F)
32 32 30
93 93 90
121 120 115

°F = 5(F-32)/9°C
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4. EVALUATION OF IN SITU RESILIENT
MODULI FROM SENSORS DATA

One objective of this study was to develop a methodology that would
allow measurements obtained from pavement instrumentation under known loading
conditions to be converted into appropriate layers moduli. The
instrumentation to be used includes strain gauges, pressure cells, and
multidepth deflectometers. In this chapter, a procedure is presented for
calculating layers moduli from sensors data. A computer model is described
that uses strain, stress, or deflection data as input to evaluate the layers
moduli. This method effectively minimizes error between the measured and
theoretically computed pavement responses. The linear elastic computer
program BISAR was used to perform the theoretical stress, strain, and

deflection predictions.

A growing body of knowledge already exists in this area with regard to
backcalculation of layers moduli under nondestructive testing methods such as
the falling weight deflectometer measurement. The aim is to match measured
pavement responses with those calculated using assumed layers moduli. For
more than 2 decades, the matching process has been conducted by trial and
error, with few rules to guide the analyst. In recent years, several
automatic search routines have been developed that minimize error between
measured and calculated deflection bowls. One such routine is the CHEVDEF
routine developed by Bush; another is the generalized backcalculation
procedure developed by Uzan.!>®! Uzan’s generalized procedure is the one used
in this project, and it is presented in this chapter. A users manual for the
general purpose modulus backcalculation program, called PENMOD,'is'includqd.in
appendix A.

DESCRIPTION OF THE GENERALIZED MODULUS BACKCALCULATION
PROCEDURE

The PENMOD computer model handles two-, three-, and four-layer systems
under single or dual tire loading. Stress, strain, or multidepth
deflectometer readings can be used as input, and the user can specify a rigid

layer at any depth in the system.
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The ultimate goal of the backcalculation process is to estimate pavement
material properties. The procedure is designed to find the set of parameters
that correspond to the best fit of the measured deflection data. The best fit
is achieved by minimizing the error between the measured and calculated

deflection bowls. The objective function can therefore be written as:

minimize ; € ';:;

W1 -W1 (3)

where

relative squared error of sensor i

3 5
Vo

]
[ Y
'

measured deflection at sensor i
computed deflection at sensor i

number of sensors

We; = user-supplied weighing factor for sensor i

Equation 3 can be rewritten simply as:

We, (4)

s
minimize = ;:[1———
1

Different techniques are available for minimizing the objective function
expressed in equation 4. The unknown variables are those required to compute
the surface deflection Wi, that is:

W = Fy(Xy) : o (5)

where
Xy = unknown variables

'j=1t¢to n unknowns
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Any solution to equation 4 calls for a solution of equation 5, obtained
numerically in most cases by running a separate program (such as the BISAR or
CHEVRON computer program in the case of linear elasticity and ILLI-PAVE in the
case of nonlinear elasticity), The number of calls depends on the
minimization algorithm used. For example, the CHEVDEF program calls the
deflection computation program (NLAYER + 1) * ITER + 1 times for each bowl to
be analyzed, where NLAYER is the total number of layers for which moduli are
to be determined and ITER is the number of iterations. Generally, the pattern
search technique requires numerous calls of the deflection computation program
for each measured bowl; this can be inefficient in the case where a large
number of bowls are to be analyzed. This drawback is overcome in the Uzan
system by generating ahead of time a data base containing deflection bowls for
the expected range of moduli and using a three-point LaGrange interpolation
technique to compute the deflection bowl for any set of unknown values within
the expected range. It is worth mentioning that, after the generation of the

data base, the deflection computer program is no longer required.

The above discussion relates strictly to a deflection-based ,
backcalculation procedure. To create a truly general-purpose system, the

following additions were made:

® W], the measured surface deflection, was generalized to a measured
response (i.e., deflection, stress, or strain).

¢ The loading conditions were changed from a single load (e.g., FWD
load plate or single tire) to dual loads representing the dual tires
at one side of a single axle.

Although the approach is conceptually simple, generating a data base for
a range of acceptable moduli values and interpolating within it to minimize
errors, it offers several distinct advantages. First, after the data base has
been built, fitting measured bowls to calculated bowls is very rapid. Second,
it is possible to replace the linear elastic approach with a nonlinear
approach. Rather than varying E values and running a linear elastic program
such as BISAR to generate theoretical bowls, it is possible to vary K, values
(E = K, § **K;) and run a finite element program such as ILLI-PAVE to generate
the required bowls. The pattern search procedure would then find the best set
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of K; values for the base and subgrade to minimize error between measured and

theoretical bowls.
INPUTS TO THE GENERALIZED BACKCALCULATION PROCEDURE

The procedures developed in this project permit flexible inputs of
measured pavement responses. Measured values can be taken from different
sensors, which is the case with surface or depth deflection sensors, or from
multiple loading positions on a single sensor. For example, the readings on a
single strain gauge as a wheel approaches the gauge can be used.

Additionally, it is possible to combine these by inputing, for example, the
maximum deflection responses on MDD gauges as the wheel is directly over the

gauges, together with the deflections when the wheel is some distance away.

The ideal setup for modulus backcalculation from pavement
instrumentation would include sensors positioned at various depths within the
pavement. Strain gauges are typically installed at the bottom of the asphalt
layer and it is difficult to measure strains in unbound materials. Therefore,
to analyze strain gauge data, it is necessary to use the strains induced as
the wheel approaches the single gauge. An example of this can be seen in
figure 38; the tensile strains at offsets of 0, 6, 12, 18, 24, and 30 in (O,
152, 305, 457, 610, and 762 mm) are extracted from the strain pulse. Using
these offsets and the relevant gauge depth (6 in [152 mm]}), a data base of
strain values will be generated for the user-supplied range of acceptable
moduli (an example of this data base is given later in this chapter). The
measured tensile strains as shown in figure 38 are then compared with the

calculated strains in the data base.

Stress Sensor

Stress sensors may be installed at various depths within the pavement
layers. In theory, it should be feasible to simply take the maximum stresses

from several stress sensors located at various depths and use these in the

backcalculation procedure. However, the performance of current stress sensors
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within pavements is open to question. Clearly, representative moduli will

only be calculated from accurately measured pavement responses.

u de eflectometer .

These deflection-based sensors can be located at various depths within
each layer of the pavement. However, these devices present an added
complication because they measure the relative movement between the sensor
location and an anchor buried at some depth (in this project, 73 in
[1 854 mm]) below the surface. The movement of the anchor must alsa be taken
into account. This is accomplished within the generalized backcalculation
procedure by calculating the theoretical anchor Qovement for each combination
of layer moduli within the data base. Then, on 4mtering the pattern search,
the theoretical relative deflection (theoretical?deflection at depth minus

theoretical anchor movement) can be compared with the MDD readings.

SENSITIVITY ANALYSIS

The PENMOD generalized layer backcalculation procedure uses stress,
strain, or deflection measurements as input. Other inputs include layer
thicknesses, wheel loads, and the radial offsets of the wheel to the gauges.
The output is the set of layers moduli that minimizes error between measured

and theoretically calculated strains or deflections.

In such a procedure, valid concerns exist regarding the effects of
uncertainties in measuring several of the key input parameters, such as wheel
position, on the backcalculation process. A sensitivity analysis was

performed to quantify the impact of variations in each of the key variables.

The BISAR computer program was used to calculate interface ténsile
strains and depth deflections for the two test configurations shown in figure
39. The calculated strains and deflections for the single tire loading are

shown in table 24.

In each sensitivity run, a single parameter was changed and all other

parameters were held constant. For example, to study the effect of a 3-in
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Figure 39. Test configurations for single and dual tire wheels.
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Table 24. Calculated strains and deflections for the
single tire loading configuration.

CALCULATED STRAINS (+TENSION)

Offset from Center of Load (in)

x 0 6 12 18 24 30
y 0 0 0 0 0 0
z 6 6 6 6 6 6
E. 272.6 67.8 -38.9 -44.2 -35.9 -26.6
CALCULATED DEPTH DEFLECTIONS
Offset from Cénter of Load (in)
x 0 0 0 0 0o 0
y 0 0 0 0 0 0
z "6 0 14 20 26 78
W, 16.34  13.99 12.39 10.00 8.38 3.44
MDD* 12.93 10.58 8.98 6.59 4,97

*The MDD measures the deflection relative to the anchor located at a depth of
78 in (1 981 mm).
1l in = 25.4 mm
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(76-mm) offset in wheel position, the BISAR program was rerun with the wheel

for such a run are shown in table 25. These should be compared with those
produced when the wheel ran directly over the gauge (see table 24). These
values were then input into the modulus backcalculation scheme; it was assumed
that the wheel ran directly over the gauge and that the best set of moduli had
been calculated. Comparing these backcalculated values with the known input
values (E; = 400, E; = 30, E; = 15) permits an estimation of the error

associated with a measurement error of 3 in (76 mm) in lateral positioning.

Table 25. Calculated strains for the 3-in (76-mm) lateral offset.

Offset from Center of Load (in)

x 0 6 12 18 24 30
y 3 3 3 3 3 3
z 6 6 6 6 6 6
E, 250.0 68.6 -32.6 -41.5 -34.6 -25.9

1l in = 25.4 mm

The computations performed in the sensitivity analysis are described in
table 26. The results of the sensitivity analysis are shown in tables 27
through 30.

SYSTEMATIC ERROR ANALYSIS

Based on the results presented in tables 27 through 30, the following

conclusions can be drawn:

® In order of decreasing significance, the most important test
parameters are: '

Surface Thickness.
Wheel Positioning.
Load.

Error in Readings.

W N
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Table 26. Descriptions of sensitivity analysis runs.

Run Description

1 Input calculated values and correct layer thicknesses to
establish accuracy of backcalculation scheme.

2 Increase calculated response by 1% (one- directional error);
all other parameters remain fixed to simulate a measurement
error.

3 ~ Increase calculated response by 5% (one-directional error).

4 Increase calculated response by 10% (one-directional error).

5 Increase wheel offset by 1 in. Rather than running directly
over the gauge, assume the center of the tire missed the
center of the gauge by 1 in. In the case of dual tires, the
center point of the duals missed the center of the gauge by 1
in.

6 Increase wheel offset to 3 in.

7 Increase surface thickness by 10% from 6 to 6.6 in.

8 Decrease surface thickness by 10% from 6 to 5.4 in.

9 Increase base thickness by 10% from 8 to 8.8 in.

10 Decrease base thickness by 10% from 8 to 7.2 in.

11 Increase wheel loads by 10%, simulating problems with dynamic
loading.

12 Decrease load by 10%.

13 Use fewer sensor readings. Use only three strain and

deflection readings as input to calculation process (use
strains at 0, 12, and 24 in and deflections at 6, 14, and 26
in only).

lin=25.4 mm
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Table 27. Sensitivity analysis on strain data/single tire used to
backcalculate layer moduli (known: E; = 400 ksi,
E; = 30 ksi, E; = 15 ksi).

Backcalculation Results

Absolute
: Average
Test Parameter E,y % Error . E, % Error E; $ Error Error %
1 Calculated strains 406 +1.5 30.6 +2.0 14.8 -1.3 1.6
2 Strains +1% 404 +1 30.1 +0.3 14.8 -1.3 0.9
3 Strains +5% 385 -3.7 29.1 -3.0 4.1  -6.0 4.2
4 Strains +10% 365 -8.7 27.7 -7.6 13.2 -12.0 9.4
5 Offset +1 in 414 +3.5 30.4 +1.3 15.0 0.0 1.6
6 Offset +3 in 481 20.2 28.0 -6.6 16.5 +10.0 12.2
7 Surfacing thickness 653 63.2 32.8 +9.3 18.8. +25.3 32.6
+10% :
8 Surfacing thickness 383 -4.2 27.7 -7.6 15.0 +0.0 3.9
-10% ~ '
9 Base thickness +10% 403 +0.7 31.4 +4.7 15.2 +1.3 2.2
10 Base thickness -10% 402 +0.5 32.2 +7.3 15.0 +0.0 2.6
11 Load 10% 384 -4.0 26.1 -12.9 14.1 -6.0 7.6
12 Load -10% 432 +8.0 36.6 +22.0 15.6 +4.0 11.3
13 Use only three 406 +1.5 30.4 +1.3 14.7 -2.0 1.6

1 in = 25.4 mm



Table 28. Sensitivity analysis on multidepth deflectometer data/single tire used to
backcalculate layer moduli (known: E; = 400 ksi, E, = 30 ksi, E; = 15 ksi).

Backcalculation Results

Absolute
Average
Test Parameter E, % Error E, % Error E, % Error Error %
1 Calculated 387 -3.2 31.5 +5.0 “15.1 +0.6 2.9
deflections
2 Deflections +1% 385 -3.7 31.1 +3.7 14.9 -0.6 2.7
3 Deflections +5% 368 -8.0 30.0 +0.0 - 14.4 -4.0 4.0
4 Deflections +10% 349 -12.7 28.8 -4.0 13.7 -8.7 8.5
5 Offset +1 in 412 +3.0 30.3 +0.7 14.9 -0.6 1.4
- 6 Offset +3 in 453 +13.2 32.6 +8.6 14.6 -2.7 8.2
= 7 Surfacing thickness 515 +28.7 31.2 +4.0 14.9 . -0.6 11.1
+10% ' :
8 Surface thickness 308 -23.0 31.6 +5.3 15.0 +0.0 9.4
-10%
9 Base thickness 10% 442  +10.5 28.4 -5.3 15.0 +0.0 5.3
10 Base thickness -10% 438 +9.5 33.0 +10.0 16.7 +11.3 - 10.2
11 Load +10% 360 -10.0 28.8 -4.0 13.6 -9.3 - 7.8
12 Load -10% 439 +9.7 33.0 +10.0 16.7 +11.3 10.3
0 31.7 +5.7 15.1 +0.6 3.4

13 Use only three MDD's 384 -4,
, (6, 14, 26 in)

1l in = 25.4 mm
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Table 29.

E; = 400 ksi, E, = 30 ksi, E; = 15 ksi).

Sensitivity analysis on strain data/dual tires used to backcalculate
layer moduli (known:

Backcalculation Results

Absolute
Average
Test Parameter E, % Error E; % Error E; % Error Error %
1 Calculated strains 412 +3.0 32.1 +7.0 15.0 +0.0 3.3
2 Strains +1% 409 +2.2 29.8 -0.7 14.8 -1.3 3.3
3 Strains +5% 390 -2.5 28.7 -4.3 14.3 -4.7 3.8
4 Strains +10s% 371 -7.2 27.3 -9.0 13.7 -8.7 8.3
5 Offset +1 in 405 +1.2 30.8 +2.7 14.6 +4.0 2.6
6 Offset +3 in 342 -14.5 36.4 -21.3 12.2 -18.7 18.2
7 Surfacing thickness 660 +65.0 32.5 +8.3 19.6 +30.6 34.6
+10% » :
8 Surfacing thickness 376 -6.0 28.0 -6.7 14.8 -1.3 4.7
-10%
9 Base thickness 108 402 +0.5 31.0 3.3 15.4 -2.7 2.2
10 Base thickness -10% 418 +4.5 28.9 -3.7 14.8 -1.3 3.2
11 Load +10% 376 -6.0 26.9 -10.3 13.9 -7.3 7.9
12 Load -10% 458 +14.5 33.9 +13.0 16.4 +16.0 14.5
13 Use only three MDD's 411 +2.7 30.0 +0.0 14.9 -0.6 1.1

(6, 14, 26 in)

1 in=25.4 mm



Table 30. Sensitivity analysis on multidepth deflectometer data/dual tires used to
backcalculate layer moduli (known: E; = 400 ksi, E; = 30 ksi, E; = 15 ksi).

Backcalculation Results

Absolute
- Average
Test Parameter E; ¢ Error E; % Error E, % Error Error %
1 Calculated 391 -2.2 30.7 +2.3 15.1 +0.7 1.7
deflections .
2 Deflections +1% 379 -5.2 30.8 +2.7 15.0 +0.0 . 2.6
3 Deflections +5% 363 -9.2 29.6. -1.3 14.4 -4.0 4.8
4 Deflections +10% 348 -13.0 28.3 -5.7 13.8 -8.0 8.9
5 Offset +1 in 400 +0.0 30.2 +0.7 15.0 +0.0 0.2
6 Offset +3 in 409 +2.2 28.3 -5.7 15.3 +2.0 3.3
- 7 Surfacing thickness 517  -29.2 32.6 +8.6 4.8 - -1.3 13.0
- +10%
8 Surface thickness 300 -25.0 29.5 -1.7 15.2 +1.3 9.3
-10%
9 Base thickness 10% 462  +15.5 29.3 -2.3 14.8 -1.3 6.3
10 Base thickness -10% 380 -5.0 29.1 -3.0 15.2 +1.3 3.1
11 Load +10% 348 -13.0 28.6 -4.7 13.7 -8.7 8.8
12 Load -10% 430 +7.5 34.2 +14.0 16.8 +12.0 11.2
13 Use only three MDD’s 394 -1.5 30.5 +1.7 15.1 +0.6 1.3

(6, 14, 26 in)

1 in = 25.4 mm




" The surface thickness is relatively easy to measure accurately.
However, wheel position, load, and any errors in the readings are
often difficult to measure.

® The results of computation were better with the deflection data than
with the strain data in that they were stable under both single and
dual tire loads. The performance under a wheel positioning error of
3 in (76 mm) for the strain values resulted in average single and
dual tire errors of 12.2 and 18.2 percent, respectively, and the
corresponding deflection errors were 8.2 and 3.3 percent. This
implies that to obtain repeatable. modulus values from strain
measurements, the lateral offset should be measured with a margin of
error of less than 3 in (76 mm). The l-in (25-mm) offset did not
cause significant errors in all cases.

® A variation in load of 10 percent produced a similar variation (8 to
12 percent) in the average backcalculated modulus values.

¢ When fewer sensor values (three) were used, the error percentages
were similar to those obtained using the full set. In two cases, the
error was reduced when fewer sensor values were used.

RANDOM ERROR ANALYSIS

The first part of the sensitivity analysis dealt with the systematié'
type errors that were introduced into the measurements of the strain and
deflection'gauges. This section deals with the effect of random errors on the
backcalculated modulus values. Four sets of six random numbers were generated
based on a mean of 0.0 and a standard deviation of 1.0. The random numbers
were then transformed into random errors for the levels of 1, 5, and 10
percent of the strain values. In order to clearly identify the effect of
error percentage, the same set of random numbers was used for all three
levels. The sensitivity analysis was conducted using the same approach as for
the systematic error case. The original moduli were used to calculate the
strain basins under single and dual tires for the same pavement structure used
with the systematic error analysis. Table 31 shows the strain basins
corresponding to random errors levels of 1, 5, and 10 percent under single
tire loading. Table 32 shows the effect of random error on the backcalculated
moduli under single tire loading. Tables 33 and 34 show the strain basins for
’random error levels of 1, 5, and 10 percent and the backcalculated moduli

under dual tire loading, respectively.
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Table 31. Strain basins generated from random errors for single tire load.
Offset from Center of Load (in)
X 0 6 12 18 24 30
Y 0 0 0 0 0 0
Y4 6 6 6 6 6 6
Original Strain 273 68 -39 -44 -36 -27
Basin
1% random error 276 67 -39 -44 -36 -27
273 68 -39 -43 -36 -27
275 68 -39 -45 -36 -27
274 67 -39 -45 -36 -27
5% random error 289 66 -40 -42 -35 -27
276 70 -39 -39 -35 -29
286 68 -37 -47 -36 -26
277 65 -37 -46 -34 -27
10% random error 305 63 -42 -40 -34 -28
280 72 -39 -34 -34 -31
299 69 -36 -50 -36 -25
281 62 -44 -49 -32 -26
1l in = 25.4 mm
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Table 32. Effect of random errors on the backcalculated
moduli for single tire load (known moduli:
E; = 40 ksi, E; = 30 ksi, E; = 15 ksi).

.Backcalculation Moduli

, Absolute
Random Error . . . Average
Level E, % Error E, $ Error E; % Error Error %
1% 398 -0.5 29.3° -2.3 16.0 +6.7 3.2
398 -0.5 29.5 -1.7 15.2 +1.3 1.2
406 +1.5 28.3 -5.7 16.4 +4.7 4.0
400 0.0 29.2 -2.7 16.4 +4.7 - 2.5
5% 358 -10.5 33.2  +10.7 12.5 -16.7 12.6
371 -7.3 32.9 +9.7 11.3 -24.7 13.9
400 . 0.0 29.0 -3.3 15.6 +4.0 2.4
423  +45.75 27.9 -7.0 18.1 +20.7 11.2
10% 319 -20.3 37.1  +23.7 9.8 -34.7 26.2
333 -le.8 37.7  +25.7 7.5 -50.0 30.8
398 -0.5 29.3 -2.3 14.9 -0.7 1.2
350 -12.5 34.0 +13.3 15.2 +1.3 9.0
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Table 33. Strain basins generated from random errors for dual tire load.

Offset from Center of Load (in)

X . 6 12 18 24 30
Y 0 0 0 ' 0 0 0
Z 6 6 6 6 6 6
Original Strain 177 67 -14 -32 -30 -23
Basin
1% random error 179 67 - -14 -32 -30 -23
178 68 -14 -31 -29 -24
179 67 - -14 -32 -30 -23
178 67 -14 -32 -29 -23
5% random error 189 65 -15 -30 -29 -24
179 69 -14 -28 -29 -25
186 68 -14 -34 -30 -22
180 64 -15 -33 -28 -23
10% random error 198 63 -15 -29 - -29 -24
181 71 B -24 -28 -27
194 68 -13 -36 -30 -21
183 61 -16 -35 -27 -23

1 in = 25.4 mm
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Table 34. Effect of random errors on the backcalculated
moduli for dual tire load (known moduli:
E; = 40 ksi, E; = 30 ksi, E; = 15 ksi).

Backcalculation Moduli

Absolute

Random Error . ) Average
Level E; % Error E; & Error E; $ Error Error %
1% 391 -2.3 32.5 8.3 13.6 -9.3 6.6
389 -2.8 32.6 8.7 13.4 -10.7 7.4
402 0.5 31.6 5.3 14.2 -5.3 3.7
399 -0.3 31.9 6.3 14.3 -4.7 3.8
5% 344 -14.0 35.9 19.7 11.1 -26.0 19.9
336 -16.0 36.9 23.0 10.0 -33.3 24.1
396 -1.0 31.7 5.7 13.7 -8.7 5.1
385 -3.75 33.2 11.0 14.3 -4.7 6.5
10% 294 -15.0 39.2  30.7 8.8 -41.3 29.0
270  -32.5 41.7 39.0 6.6 -56.0 42.5
390 -2.5 32.0 6.7 13.0 -13.3 7.5
360 -10.0 35.5 18.3 13.7 -8.7 12.3
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The data shown in tables 32 and 34 show that the effect of l-percent
random error is negligible at all levels of layers moduli (i.e, surface, base,
and subgrade). On the other hand, the effects of the 5-percent and 10-percent
random error are significant at all levels of layers moduli. In deciding
whether this type of error is important or not, one must evaluate the source
of the random error. In this respect, the only source of random error can be
from the rounding off of the A/D board data when the data were collected in
the field. The 12-bit boards used in this project have 4,096 levels within a
range of + 5 V. The typical strain gauge calibration factor was around 500
microstrains/V. This indicates that each mid-level represents 0.6
microstrains, or less than 1 percent of4the measured values. Based on this
analysis, one can conclude that the effects of random error on the

backcalculated moduli are insignificant.

MODULUS BACKCALCULATION USING MDD DATA COLLECTED UNDER A
FALLING WEIGHT DEFLECTOMETER

In order to evaluate the layer meduli for the thick and thin pavement
sections, deflections were measured using a falling weight deflectometer. A
Later in this report, analysis will focus on determining layer moduli from
tensile strain and deflections measured under truck loads. While it is
acknowledged that it will not be possible to directly compare these layer
moduli, a comparison of moduli calculated under FWD and truck analyses should
show similar trends. For example, if a weak base is detected using the FWD,

then a weak base should also be evident in the truck analysis.

The FWD was positioned directly over the multidepth deflectometers and
drops were made at three different load levels. Deflections were
simultaneously measured on the surface and at the MDD locations; the results
are shown in tables 35 and 36. A review of the normalized deflections

indicates very little evidence of nonlinear behavior.

Traditional analysis of the surface deflection of the entire pavement
using a layer modulus backcalculation program resulted in the average layer
moduli shown in table 37. These results showed extremely low values for the

base course of both sections, particularly in the thin pavement. In order to
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Table 36. FWD and MDD test results from the thick pavement section.

FWD Deflections (mils) MDD (mils)

Drop # Load (1b) 0 12 24 32.5 48 -12 3 10 20 32
1 7,495 5.51 3.15 1.97 1.34 1.26 3.38 4.74 3.71 2.05 1.09
2 8,698 6.85 3.98 2.44 1.65 1.52 4.33 5.81 4.58 2.56 1.36
3 10,271 8.07 4.84 2.95 2.01 1.10 5.24 6.91 5.54 3.02 1.59

Normalized Deflections (mils/kip) mils/kip

Drop # Load (1b) 0 12 24 32.5 48 -12 3 10 20 32
1 7,495 0.73 0.42 0.26 0.18 0.09 0.45 0.63 0.49 0.35 0.14
2 8,698 Q9,78 0,46 .0.28 0,19  0.10 .0.49 = 0.67  0.53 . 0.37  0.16
3 10,271 0.78 0.47 0.29 0.19 0.11 0.51 0.67 0.5 . 0.37 0.15

11b=45N




validate these moduli values, it was decided that the analysis should be
expanded to include the depth deflections as well as the surface deflections
in the analysis scheme. This modification is discussed in the following

paragraphs.

Table 37. Layer moduli backcalculated using surface deflections only.

FAC Modulus Base Modulus . Subgrade Modulus

Pavement (ksi) (ksi) (ksi)
Thin 409 5.3 20.3
Thick 427 11.9 26.7

The thin section surface and depth deflections shown in table 35 were
used to backcalculate the layer moduli, and the results are shown in tables 38
and 39. Table 38 shows the consequences of using only the surface deflections
to backcalculate the layer moduli values. The base modulus is very low and
there is a large discrepancy between the measured and predicted depth
deflections. The LVDT-measured deflection at the bottom of the base (14.5 in
[368 mm]) was underpredicted, while the LVDT-measured deflection in the
subgrade (26.5 in [673 mm]) was overpredicted. To correct this situation, the
pavement was remodeled as a four-layer system with the introduction of a 12-in
(305-mm) subbase layer. The analysis was repeated and the results are shown
in table 39. This shows a much better agreement between measured and computed
bowls for both the surface and at various depths. Table 39 shows the modulus
of the asphalt layer to decrease slightly as load increases; the moduli of the
base and subgrade are fairly constant. The modulus of the base (23,000 psi

(158,621 kPa]) is representative of a fair-to-good base under wet conditions.

This analysis was repeated for the thick section and the results are
shown in tables 40 and 41. 1In this case, the inclusion of the 12-in (305-mm)
subbase reduced the error-per-sensor value but did not have a major impact on

the backcalculated layer moduli.
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Table 38.

Layer moduli backcalculated using a three-layer system and
surface deflections only (thin pavement).

Deflections (mils)

FWD MDD Elastic Moduli (ksi)
Load (1b) 0 12 24 32.5 48 6.5 14.5 26.5 Ey E, E, E,
7,310 M 12.68 8.50 4.74 3.03 1.26 11.19 7.64 2.57
c 13.24 8.63 4.47 2.78 1.33 10.74 5.18 3.13 474.7 8.0 - 22.2
EX -4.43 -1.55 5.65 8.21 -5.29 4.04 32.15 -21.97
8,606 M 15.47 10.55 5.94 3.74 1.53 13.68 9.78 3.18
Cc 16.32 10.64 5.51 3.43 1.64 13.24 6.39 3.86 453.3 7.6 - 21.2
E¥ -5.51 -.85 7.20 8.34 -6.87 3.24 34.66 -21.50
10,271 M 18.54 12.72 7.21 4.53 1.85 16.67 12.04 3.81
C 19.68 12.86 6.67 4.15 1.98 15.96 7.68 4.65 452.7 7.4 - 21.0
EX -6.14 -1.07 7.46 8.40 -6.77 4,24 36.24 -22.08

M = Measured deflection in mils
C = Computed deflection in mils
11b=4.5N
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Table 39.

Layer moduli backcalculated using a four-layer system amd

both surface and depth deflections (thin pavement).

Deflections (mils)

FWD MDD Elastic Moduli (ksi)
Load (1b) 0 12 24 32.5 48 6.5 14.5 26.5 El E; VE3 E,
7,310 M 12.68 8.50 4.74 3.03 1.26 11.19 7.64 2.57
c 12.89 8.70 4.76 2.98 1.26 10.77 7.68 2.57 488.6 27.7 6.1 26.0
EZ -1.65 -2.32 -.48 1.62 -.25 3.71 -.54 .17
8,606 M 15.47 10.55 5.94 3.74 1.53 13.68 9.78 3.18
C 16.01 10.75 5.88 3.68 1.56 13.39 9.64 3.13 446.8 23.3 5.6 25.1
EZ -3.50 -1.93 .96 1.56 1.72 2.10 1.43 1.42
10,271 M 18.54 12.72 7.21 4.53 1.85 16.67 12.04 3.81
Cc  19.39 12.99 7.12 4.46 1.89 16.23 11.79 3.75 428.8 24.7 5.4 25.0
EX -4.16 -2.16 1.26 1.50 1.95 2.64 2.11 1.70 .

M = Measured deflection in mils
C = Computed deflection in mils

11b=4.5N
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Table 40.

Layer moduli backcalculated using a three-layer system and

surface deflections only (thick pavement).

Deflections (mils)

FWD MDD Elastic Moduli (ksi)
Load (1b) 0 12 24 32.5 48 3 10 20 32 E, E, E,
7,310 M 5.51 3.26 1.97 1.34 71 4.74 3.71 2.05 1.09
C 5.47 3.30 1.93 1.32 .71 4.50 3.88 1.97 1.16 396.6 29.2 45.7
EX .64 -1.33 2.21 1.46 .34 5.02 -4.,55 4,07 -6.70
8,606 M 6.85 4.15 2.44 1.65 .91 5.81 4.58 2.56 1.36
C 6.78 4.11 2.41 1.66 .89 5.56 4.80 2.46 1.46 374.4 27.7 42.0
_EX 1.07 1.03 1.32 -.42 1.82 4.25 -4.77 3.85 -7.04
10,271 M 8.07 5.06 2.95 2.01 1.10 6.91 5.54 3.02 1.59
c 8.03 4.97 2.94 2.02 1.08 6.62 5.76 2.87 1.72 396.0 24.3 41.7
EX .47 1.33 .48 -.39 2.14 4.19 -4,.05 5.01 -7.90 — -
11b=45N
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Table 41.

Layer moduli backcalculated using a four-layer system and
both surface and depth deflections (thick pavement).

Deflections (mils)

FWD MDD Elastic Moduli (ksi)
Load (1b) -0 12 24 32.5 48 3 10 20 32 El E, E, E,
7,310 M 5.51 3.26 1.97 1.34 .71 4.74 3.71 2.05 1.09
C 5.44 3.32 1.95 1.33 .70 4.49 3.88 2.06 1.11 409.6 30.9 35.7 48.3
EX 1.32 -1.77 1.13 .55 1.17 5.35 -4.61 -.73 -1.80
8,606 M 6.85 4,15 2.44 1.65 .91 5.81 4,58 2.56 1.36
C 6.74 4.12 2.43 1.67 .89 5.55 4.80 2.58 1.39 384.6 29.4 33.4 44 .2
EX 1.65 .69 .39 -1,22 2.54 4,55 -4.79 -.65 -2.49
10,271 M 8.07 5.04 2.95 2.01 1.10 6.91 5.54 3.02 1.59
(o 7.97 5.00 2.97 2.04 1.07 6.60 5.77 3.03 1.63 411.1 25.8 31.5 44 .3
EX 1.23 .88 -.70 -1.40 3.01 4.53 -4.14 -.46 -2.37 .

11b=45N



The above results demonstrate the benefit éf having sensors in the
pavement while attempting to characterize the laﬁer's properties. Using
surface deflections alone, the thin pavement would have been incorrectly
characterized as having extremely low base valueéjwhen in fact the weak layer
was at the top of the subgrade. A very importang conclusion, drawn from these
results, is therefore that both pavement surface%and interior deflection

measurements are necessary for accurate calculation of pavement layer moduli.

In the analysis of strain and deflection data that follows, both
pavements will be modeled as four-layer systems and the results obtained will

be compared with those obtained under the FWD analysis.

MODULUS BACKCALCULATION USING SENSOR DATA COLLECTED UNDER
TRUCK LOADING

In this section the PENMOD program is used to process the strain basins
and multidepth deflections in order to backcalculate in situ resilient moduli.

The overall analysis is broken into the following three steps:

1. Backcalculation of in situ moduli from the measured strain basins.
2. Backcalculation of in situ moduli from the measured MDD deflections.

3. Backcalculation of in situ moduli from the combination of the
measured strain basins and MDD deflections.

All the backcalculation analyses are conducted based on measurements under the
single drive axle. The following represents a brief discussion of each

analysis.
BACKCALCULATION OF IN SITU MODULI FROM THE MEASURED STRAIN BASINS

The strains at the bottom of the asphalt concrete layer were collected
from three different types of gauges, namely, Kyowa gauges, Dynatest gauges,
and instrumented core gauges. The Dynatest gauges installed in the thick
section were unoperational during the stage II testing; therefore, the
backcalculated moduli of the thick section are based only on the measurements

of the Kyowa and core gauges. In the case of the thick section, the

128




measurements from the Kyowa gauge installed at station 6 and the core gauge
installed at station 12 were selected for the backcalculation process. Tables
42 and 43 summarize the values of the backcalculated moduli as a function of
the truck speed and load for the thick and thin sections. The data show good
agreement between the two types of gauges (i.e., Kyowa and core gauges). The
effect of speed on the moduli of the asphalt concrete layer (E;) is very
noticeable under all load levels. The effect of load magnitude on the
backcalculated moduli is insignificant, which implies a linear response.

Tables 44 and 45 summarize the backcalculation results of the thick and
thin sections based on the measurements from all three types of gauges. 1In
this case, less agreement is evident in the results obtained from the various
gauges in the thin section than that demonstrated by the thick section data.
The effect of truck speed on the backcalculated moduli of the asphalt concrete
layer is very significant, while the effect of load level is insignificant.
The data in table 43 have consistently shown that the highest moduli values
were calculated from the core gauge measurements. While the Dynatest gauge
produced the second highest moduli, the Kyowa gauge produced the lowest moduli

values for all combinations of truck speed and load level.
BACKCALCULATION OF IN SITU MODULI FROM THE MEASURED MDD DEFLECTIONS

As discussed earlier in the report, one MDD was installed in each test
section (thick and thin). The MDD in the thick section had four modules at
depths of 3, 10, 20, and 32 in (76, 254, 508, and 813 mm), and the MDD in the
thin section had three modules at depths of 6.5, 14.5, and 26.5 in (165, 368,
and 673 mm). In the case of the MDD, the peak deflections at each level were
used to backcalculate the in situ moduli. Tables 44 and 45 summarize the in

situ moduli for the thick and thin sections, respectively.

BACKCALCULATION OF IN SITU MODULI FROM THE COMBINATION OF THE MEASURED STRAIN
BASINS AND MDD DEFLECTIONS

The results discussed above indicated that neither the multidepth

deflectometer nor strain gauges alone provided sufficient information to

characterize the layer properties of the instrumented section. Consequently,
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"Table 42. Backcalculated moduli for the thick section under
the single drive axle, based on the strain measurements.
Station
Speed Load (strain |
(mi/h) (kips) gauge) E,(ksi) Ez(ks;) E;(ksi) E,(ksi)
50 20 6 (k) 545 ) 10 7 60.0
12 (c) 461 10 5 60.0
12 6 (k) 556 10 6.6 60.0
12 (c) 640 10 12.8 60.0
8 » 6 (k) 534 10 6.9 60.0
12 (c) 641 10 12.9 60.0
35 20 6 (k) 350 10 5 ‘ 43.9
12 (c¢) 366 10 5 60.0
12 6 (k) 347 10 5 39.0
12 (¢) 349 10 5 41.0
8 6 (k) 393 10 11 60.0
12 (c) 361 10 5 60.0.
20 10 6 (k) 258 10 16 60.0
: 12 (¢) 230 10 11.1 60.0
12 6 (k) 214 18 40 60.0
12 (¢) 200 22 40 60.0
8 6 (k) 200 21 40 60.0
k = Kyowa gauge
¢ = core gauge
lmi=1.61l km
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" Table 43.

the single drive axle, based on the strain measurements.

Backcalculated moduli for the thin section under

Station

Speed Load (strain
(mi/h) (kips) gauge) E,(ksi) Ez(ksi) E3(ksi) E,(ksi)
50 20 30 (4) 758 10.0 5.0 10.0
29 (k) 675 10.0 5.0 10.0
12 (c) 1170 10.0 5.0 18.0
12 30 (4) 900" 12.0 5.0 10.0
29 (k) 896 10.0 5.0 10.0
12 (c) 1500 44.0 5.0 34.6
8 30 (d) 900 14.8 5.0 10.0
29 (k) 764 10.0 5.0 10.0
12 (e) 1500 23.1 5.0 37.8
35 20 30 (d) 511 10.0 5.0 10.0
29 (k) 425 10.0 5.0 10.0
12 (c) 828 10.0 5.0 10.0
12 30 (4d) 700 10.0 5.0 10.0.
29 (k) 568 10.0 5.0 10.0
12 (c) 1368 10.0 7.7 60.0
8 30 (d) 855 10.0 5.0 10.0
29 (k) 703 10.0 5.0 10.0
12 (c) 1339 10.0 5.5 60.0
20 20 30 (d) 329 10.0 10.0 60.0
29 (k) 298 10.0 8.0 60.0
12 (e) 368 10.0 12.2 60.0
12 30 (d) 329 13.5 40.0 60.0
29 (k) 302 10.0 10.7 59.7
12 (c) 420 19.7 40.0 60.0
8 30 (d) --- .- .--- “ea-
29 (k) 233 18.6 14.7 10.0
12 (c) 431 10.0 14.8 50.1

d = Dynatest gauge
k = Kyowa gauge

C = core gauge
l1mi=1.61 km
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Table 44, Backcalculated moduli for the thick section under
the single drive axle, based on the MDD measurements.

Speed Load '

(mi/h) (kips) E,(ksi) E;(ksi) E,(ksi) E,(ksi)
50 20 363 10.3 23.9 50.0
35 20 © 340 10.0 22.7 50.0
20 20 200 1222 23.4 50.0

l1mi=1.61km

Table 45. Backcalculated moduli for the thin section under
the single drive axle, based on the MDD measurements.

Speed Load
(mi/h) (kips) E,(ksi) E;(ksi) Ez(ksi) E,(ksi)
50 20 200 11.8 9.1 47.1
12 900 10.0 13.4 41.0
8 900 25.4 25.0 50.0
35 20 551 10.0 8.5 50.0
12 900 11.8 19.2 41.0
8 900 11.4 17.8 50.0
20 20 201 11.2 8.8 44.1
12 900 10.0 11.4 41.0
8 900 12.7 22.0 50.0

1 mi=1.61 km
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it was decided to investigate if by combining strain and deflection data an
iterative scheme could be developed by which more accurate layer moduli could
be determined. The data set chosen for evaluation is shown in table 46.
These data were measured on the thick pavement section using a fully loaded
truck with single drive axle and 125 psi (863 kPa) tire pressure. The data
represent the peak depth deflections and strain bowls measured under the
single axle (19.6 kips [86.2 kN] on dual tires). The strains were measured

with the Kyowa gauge and were thought to be representative of the entire

section.
Table 46. Strain and deflection data used in analysis.
MDD Deflections (mils) Strain Gauge (microstrain)
Depths (in) Offset (in)

Speed '
(mi/h) - 3 20 -3 0 6 12 24
20 8.46 3.36 1.56 155.4 100.7 10.7 -45.4
35 7.50 2.81 1.34 120.8 99.6 38.7 -41.5
50 6.98 2.74 1.37 79.9 69.1 40.9 -23.5

1l in= 25.4 mm
1mi=1.61 knm

The plot of the MDD deflection bowl as the wheel approaches is shown in
figure 40. An initial concern was that with this and other collected data
 sets the relationship between deflection and speed was relatively constant (or
decreasing slightly), whereas the relationship with the strain was very
different. As the speed increased from 20 mi/h (32 km/h) to 50 mi/h (80
km/h), the measured tensile strains at the bottom of the asphalt would
decrease by a factor of two or more. This is similar to the findings of other
researchers.!®’ This apparent discrepancy is explained by measuring the
radius of curvature of the deflection basin. A useful indicator of curvature

is the "surface curvature index," which is defined as the difference between
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20 mi/h | 19.6 kips Single Axis
8 MDDI! Thick

DEFLECTION (mils)

1 I 1

-100 -50 0 50 100 150 200

1 mi=1.61 ke DISTANCE (in)
1 in = 25.4 mm

Figure 40. Typical responses of the top MDD for different truck speeds.
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the maximum deflection (when the wheel is directly over the sensor) and the
deflection present when the wheel is 1 ft (0.3 m) away from the sensor. At 50
mi/h (80 km/h) the surface curvature index was 1.8, whereas at 20 mi/h (32
km/h) it was 3.0. This indicates that the radius of curvature would be much
smaller under the 20 mi/h (32 km/h) speed and the measured strains would be
much higher.

The analysis procedure consists of using the PENMOD program in an
iterative mode. Basically, the strain gauge data are used to obtain the
modulus value for the surface layer, and the multidepth deflections are used
for determining E values for the base, subbase, and subgrade layer. A four-

layer structure was assumed, as shown in figure 41.
The procedure consists of using PENMOD as follows:

Step 1: Fix the E; value calculated from the strain bowl; use the MDD
data to calculate E;, E;, and E, values.

Step 2: Fix the E;, E;, and E, values calculated in step 1; use the
strain data to calculate an E; value.

Steps'1 and 2 are repeated until the error between measured and computed
deflection and strain values is reduced to an acceptable level. The results
of this analysis are shown in table 47. At each speed level, two iterations
were used. The surface modulus showed some distinct speed effects; the base

and subbase were weak, and the subgrade was relatively strong.
CONCLUSIONS AND RECOMMENDATIONS

Based on the backcalculation analyses from the strains, deflections, and
combinations of strains and deflections data, the following conclusions can be

drawn:

1. The backcalculation program is stable and produces repeatable
results. This was demonstrated by the sensitivity analysis, which
showed that the original strain and deflection basins were
reproduced with an average error of less than 2 percent.
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Figure 41. Setup of MDD and strain gauge for pavement layers
moduli evaluation.
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Table 47.

Layer moduli values backcalculated using both deflection and strain data. .

MDD (mils)

Depths Moduli (ksi)

Speed Max. Strain No.
(mi/h) Description 3 in 20 in 32 in (microstrain) E, - Ey E; E, Iteration

Measured 8.46 3.36 1.56 155.4 291 8.9 18.7 44.2 2
20 Calculated 8.46 3.36 1.56 171.0 S C

$ Error 0.0 0.0 0.0 -10.0

Measured 7.50 2.81 1.34 120.8 414 8.0 20.7 48.1 2
35 Calculated 7.31 2.74 1.34 132.5

$ Error 2.6 2.4 0.0 -9.7

Measured 6.98 2.74 1.37 79.9 751 5.3 13.9 36.0. 2
50 Calculated 6.79 2.69 1.36 88.8

% Error 2.7 1.7 0.6 -11.2

lmi=1.61 km
1l in = 25.4 mm



2. A 1l0-percent error in estimating the thickness of the asphalt
concrete layer has a large impact on the backcalculated moduli.
However, the thickness of the asphalt concrete layer can be measured
in the field with a measurement error of much less than 10 percent.

3. The effects of wheel offsets of 1 in (2& mm) and 3 in (76 mm) were
investigated. It was shown that the 3-in (76-mm) offset may produce
errors as high as 18 percent in the backcalculated moduli. The
errors produced from a 1-in (25-mm) offset were usually lower than 2
percent for both strains and deflectionjmeasurements. Therefore,
the lateral position of the test vehicle should be measured to the
nearest 1 in (25 mm) in order to limit khe error in the
backcalculated moduli. The l-in (25-mm) accuracy can usually be
achieved, since any truck locating system will be capable of
providing this resolution. "The ultrasonic system used in ‘this study
has a 1-in (25-mm) resolution. |

4, A + 10-percent error in estimating the ﬁoad produced an average
error in the backcalculated moduli of 8 percent for both the strains
and deflection measurements. ’

5. The effects of three levels of systematic error on the strains and
deflections were investigated. The l-égrcent and S5-percent levels
were insignificant. The 10-percent level produced an average of
8.5-percent error on the backcalculated moduli. Although the 8.5-
percent error is not very large, the 10-percent level of systematic
error is not very likely to occur in field testing.

6. The effects of three levels of random drror on the strains were
-investigated. The errors introduced in the backcalculated moduli
increased with increasing the magnitudd of the random errors. The
effect of the l-percent random error was insignificant, while the 5-
and 10-percent random errors produced dignificant errors in the
backcalculated moduli. By examining tHe possible sources of the
random errors, it was concluded that orfly random errors of 1 percent
or less are likely to occur in field tdsting.

7. The pavement layer moduli were backcalculated from the FWD load
deformation measurements. Both the FWD surface sensors and MDD
sensors were used independently to backcalculate the layers moduli.
The results of the independent FWD and MDD analyses did not agree -
with each other. However, when the FWD surface deflections and the
MDD deflections were combined, the analysis showed that good
estimates of the layers moduli were produced that satisfy both the
FWD and MDD deflections with a small percentage of error.

8. The pavement layer moduli were backcalculated from the measurements
of different types of strain gauges. The backcalculation analyses
were conducted for three levels of speed and three levels of axle
load. The responses from the Kyowa, Dynatest, and core gauges were
used in the analyses. In both sections, the effect of speed was
significant on the backcalculated moduli of the asphalt concrete
layer and insignificant on the moduli of the other layers. The
effect of axle load was insignificant on the backcalculated moduli
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of all layers. The moduli from the Kyowa and core gauges of the
thick section were in good agreement. Those moduli from the thin
section followed a pattern where the moduli from the core gauges
were the highest, while the Dynatest gauges produced the second
highest and the Kyowa gauges produced the lowest results for all
combinations of truck speed and load level.

The pavement layer moduli were backcalculated from the MDD
measurements. The effect of speed on the backcalculated moduli of
all layers was insignificant, which is inconsistent with the strain
gauge results. The effect of load level was also insignificant on
the moduli of all layers. ’ ’

Finally, the pavement layer moduli were backcalculated from the
combination of measured strains and MDD deflections. The results
showed that this combination analysis is the most promising, since
the strains data are very effective in backcalculating the moduli of
the asphalt concrete layer, while the MDD deflections are effective
in the determination of the base and subgrade moduli.
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5. INVESTIGATION OF NEW INSTRUMENTATION IDEAS

The main objective of phase II of the research was to investigate new
methods for measuring flexible pavement response variables such as strains,
stresses, and deflections. The investigation‘included gauges currently used
in other areas, such as portland cement concrete, as well as new
instrumentation ideas. Based on this investigation, the most promising gauges .
were evaluated in a laboratory. The results of the laboratory experiments
provided the basis for further recommendations for field installation and
testing under actual truck loading. This chapter discusses the findings of
the initial investigation of the new instrumentation methods for flexible

pavements.
INVESTIGATION OF GAUGES USED IN PORTLAND CEMENT CONCRETE

Two types of gauges that are most commonly used in instrumenting
portland cement concrete are the Carlson strain gauge and the TML embedment
strain gauge. Each of these gauges was evaluated in terms of principles of
measurement, cost, availability, operating temperature, moisture effects,
linearity, and applications. Finally, specific recommendations were given

regarding the potential applications of each gauge.
CARLSON GAUGE
rinciples of Measurement

This gauge (model CM-4) consists of two coils of highly elastic steel
wire, one of which increases in length and electrical resistance when a strain
occurs, while the other decreases. The ratio of the two resistances is
independent of temperature and the change in the ratio of the coil resistances
is a measure of strain. The sum of resistances is a measure of temperature.
The overall length of the gauge is 4.13 in (105 mm), which is very close to
the overall length of the Kyowa and Dynatest gauges. The other physical
dimensions of the gauge are shown in figure 42.
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Slope Indicator Co. Model Number CcM-4 CM-8 CMm-10
Carison Model Number M3 M8 M10
Range (micro-strain}” 3800 2000 1600
Least reading (micro-strain) 5.8 29 23
Least reading temperature (°F) A R A
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Weight (ibs) a8 32 37

* Normally set at tactory for 2'3 to 3/4 of range in compression
It specified. range may be divided equally between compression and expansion

F = 5(F-32)/9°C
1 in = 25.4 mm
11b=4.5N

Figure 42, Physical characteristics of the Carlson gauge.
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The Carlson gauge has been used successfully in portland cement concrete
pavements with a very good long-term stability. 1Its construction is flexible
enough to be used in asphalt c¢oncrete, base courses, and subgrade materials.
However, the gauge must be modified to resist bending stresses during the
construction of asphalt pavements because the polyvinyl chloride (PVC) tubing
will soften under the high paving temperature (275 to 300 °F [135 to 168“°C]).

End anchors will also have to be installed in order to provide enough

anchoring force between the gauge and the asphalt concrete.
vajlabilit

The total cost of this gauge is $114 based on the manufacturer's‘quote
as of September 1, 1989. In addition to the unit price, it is estimated that
$30 per gauge will be needed to provide anchors and protection against
bending. The gauge is available in the United States through Carlson/RST
Instruments, Inc. in Campbell, Califofnia, and Slope Indicator Co. in Seattle,
Washington.

Operating Temperature

This investigation has revealed some potential problems in using this
gauge in asphalt concrete pavements because of the high paving temperature
during construction. The Carlson gauge has an all-steel frame with a
coefficient of thermal expansion of 6.7 microstrains/°F (12.1
microstrains/°C). This type of gauge will have to be installed during the
construction of asphalt concrete pavement where temperatures as high as 300 °F
(148 °C) will be encountered. Using the coefficient of thermal expansion of
the Carlson gauge and a temperature of 230 °F (128 °C) above room temperature,
the expected permanent strain in the Carlson gauge will be 1,380 microstrains.
This amount of strain represents 71 percent of the gauge’s full linear range
of + 1,950 microstrains. This is a very serious limitation of the Carlson
gauge and makes it inappropriate for use in asphaltic concrete materials.

However, it may still be used in soils and base course materials.
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Because the primary use of the Carlson gauge is in portland cement
concrete slabs, and it is usually installed during the concrete’s plastic
stage, the structure of the gauge is watertight. No additional moisture
protection is required for its applicati%n in asphalt concrete, base course,

or subgrade materials.

The Carlson gauge’s linear range (see figure 42) of + 1,950 microstrains
yields an overall range of 3900 microstrains. This range is normally set at
the factory for .67- or .75-in (17- or 19-mm) compression. However, if

specified, the range may be divided equally between compression and tension.

Appligatj,o;;s

This gauge can be used to measure static and dynamic strains. However,
due to the problem of high thermal strains at high temperatures, the Carlson

gauge is not appropriate for use in asphaltic concrete layers.

Recommendations

As discussed earlier, the major disadvantage of the Carlson gauge is its
high thermal strains at high temperatures. Therefore, it can only be used in
base courses and subgrade materials. In the case of base courses and subgrade
materials, this problem is not present. Another limitation of the Carlson
gauge (model CM-4) is that the gauge can only register strains higher than 5.8
microstrains; this could cause a problem if the gauge were installed deep into
the subgrade. It was recommended that the Carlson gauge be considered for
possible use in the base course materials because none of the gauges already

tested were appropriate for this application.
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TML EMBEDMENT STRAIN GAUGE

Brinciples of Measurement

The TML gauge (model KM-100HB) consists of a bonded strain gauge that is
connected to an elastic beam and covered by rubber bellows (sée figure 43).
It has been successfully used in concrete structures. One of the greatest
features of this gauge is its low modulus of elasticity, 5,700 psi (39.3 MPa),
vwhich eliminates the problem of differential stiffness between the gauge and
the asphalt concrete at high temperatures or between the gauge and the base
course and subgrade materials. The sensirg element is enclosed in a rubber
bellophragm, which gives it its low modulus. The gauge’s present structure
would not withstand the bending forces during compaction of flexible
pavements. Therefore, the gauge has to be modified to provide protection
against bending. Detailed characteristics of the TML gauge are shown in
figﬁre 43.

Cost and Avajlability

The total cost of the gauge is $245 based on the distributor’s quote as
of September 1, 1989. An additional $30 will be required to provide bending
protection and anchors for each gauge. The TML embedment gauge is
manufactured by the Tokyo Sokki Kenkyujo Co. of Japan and distributed in the

United States through Texas Measurements, Inc. in College Station, Texas.
Operating Temperature

The range of operdting temperature for this gauge is -4 to 356 °F (-20
to 180 °C), which is well above the pﬁﬁing temperature of asphaltic concrete
(300 °F [148 °C]). The gauge material has a coefficient of thermal expansion
of 6.1 microstrains/°F (11 microstrains/°C). Using the coefficient of thermal
expansion of the gauge and a temperature of 230 °F (128 °C) above room
temperature, the expected permanent strain in the gauge will be 1,400
microstrains. The overall range of the TML gauge is 10,000 microstrains,

which is well above the expected permanent thermal strain.
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Moisture Effects

The gauge was designed specifically for long-term strain measurements in
wet concrete; therefore, it is totally sealed against moisture penetration.

Lineaxity and Range

The linear range of the TML gauge is + 5,000 microstrains, which is well

above the expected strain level in asphalt concrete pavements (see figure 43).

The nonlinearity of the gauge is 1 percent of the rated output, which is 2.5
mV/V.

Applications

With the TML gauge's low modulus, it is expected that the gauge will be
used to measure strains in asphaltic concrete, base course, and subgrade

materials. It will measure both static and dynamic strains.
Recommendations

The feasibility study on the TML embedment gauge indicated that the
gauge has a great potential for usage in measuring strains in all layers of
flexible pavements (surface, base, and subgrade). This conclusion is
supported by the TML gauge’'s low modulus of elasticity, wide range of strain
and operation temperature, and waterproof construction. Research has not
uncovered any technical disadvantages associated with this gauge. However,
the expected unit cost of approximately $300 may be a limitation. It was
recommended that three TML gauges be obtained and tested in the laboratory for
possible installation in the asphalt concrete, base course, and subgrade

layers.

NEW INSTRUMENTATION CONCEPTS

This part of the investigation covers the methods for measuring pavement
response that are not currently in practice or are used in areas other than

pavement instrumentation. The main objective was to identify those concepts
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and, through modification, redesign, or invention, develop a new design that
makes them applicable for flexible pavement instrumentation. New concépts
identified under this part of the research include (1) the Hall effect sensor,
(2) piezoelectric film, and (3) an inductive displacement sensor. Each of
these concepts was evaluated in terms of its principles of measurement,
projected cost and availability, operating temperature, moisture effects,
linearity and range, and applications. Finally, specific recommendations were

given regarding the potential applications of each concept.

HALL EFFECT SENSOR

Principles of Measurement

The Hall effect principle states that when a current-carrying conductor
is exposed to a magnetic field, a voltage will be generated perpendicular to
both the current and the magnetic field. The Hall device develops an output
voltage that is proportional to the intensity of the applied perpendicular
magnetic field. Typically, this is 30 mV/gauss. 6 An internal amplifier is
normally provided to boost the output voltage and lower the impedance.
Typical output signal swings are + 5 V for a 12-V device. In operation, both

the magnets and the Hall effect sensor will be agchored to the material. As

the material expands or contracts under loads or jtemperature, a relative

movement between the magnets and the Hall.effect sensor will occur. This

relative movement generates a voltage related to [the direction and magnitude

of the strain.

The actual.application of the Hall effect(4¢nsor can be achieved in four
different configurations as shown in figure 44, _@.feasibility study on the
applicability of the Hall effect sensor to s;raiﬁ% and deflection-measuring
gauges for asphalt concrete pavements was conduct;d. All four configurations
were tested in the laboratory. The evaluation crﬁteria selected were linear
range, gain, and ease of implementation. T§b1e~4%a§pmmarizes-theflaboracory
testing results. Based on these results, the pusb-pull slide-by mode was

considered the most favorable configuration for field applications.
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Table 48. Laboratory-measured data on the Hall effect sensor.

Linear : Gavin Ease of
Configuration Range (in) - (MV/in) Implementation
Slide-By Mode 0.2 - 2;706 Moderate
Push-Push Head-On Mode 0.1 . 12,800 Very Difficult
Edgewise Slide-By Mode 0.2 2,700 Moderate
Push-Pull Slide-By uode' 0.125 7,750 Very Easy

lin=25.4 mm
Co d Av b t

The Hall effect sensor compares favorably with other measuring devices.
A complete transducer costs about $32, or approximately $12 in hardware and
$20 (1 h) in assembly labor. The regﬁlator cost is about $.90. Alnico 5 -
magnets cost about $2.50. Several manufacturers, including Honeywell and
Sprague, pfoduce stabilized linear sensors. Numerous retail and wholesale
electronics vendors carry these sensors as a stock item. Alnico 5 magnets are

available from the same sources; all other materials are readily available.

Operating Temperature

It is expected that during construction of asphalt concrete layer, the
- gauge will be subjected to a temperature as high as 300 °F (148 °C). To
evaluate the effect of high temperature on the sensor, the sensor with a
magnet was tested before and after being heated at 300 °F (148 °C) for a 24-h
period. The data from this experiment, shown in figure 45, indicate that the
effect of high construction temperature is negligible.

The inservice temperature of asphalt concrete pavements may range from 0

to 120 °F (-32 to 49 °C). Therefore, the linear range and gain of the sensor

were additionally evaluated under five levels of temperatures: 3, 30, 70, 90,
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and 120 °F (-16, -1, 21, 32, and 49 °C). Figure 46 shows the effect of

inservice pavement temperatures on the sensor response to be negligible.

Moisture Effects

\
It is expected that moisture will damage the Hall effect sensor;

therefore, the magnets and the Hall effect sensor will both be coated with

epoxy.
ea and e

To maximize the signal-to-noise ratio of the sensor, two alternatives
were tested: placement of the amplifier inside the gauge and use of triaxial
cables. These alternatives will be examined in the discussion of laboratory

testing of new instrumentation (chapter 6).

Applications

The feasibility study indicated that the g@uges built with the Hall
effect sensor will have a very low modulus of el%sticity in the direction of
the measured strains. Therefore, the gauges can be used to measure strain and
deflections under both static and dynamic loads in the asphalt concrete, base

course, and subgrade materials.

Recommendations

The investigation did not uncover any technical disadvantages for the
Hall effect gauge. However, some field installation problems may be
encountered. For instance, the gauge may be driven out of range during
construction and field installation activities. Several methods of protecting
the gauge components from4dislocation, including the use of a release pin,
chemically degradable link, and electrical release, were investigated. A
prototype release pin mechanism was tested in the laboratory and performed
well. The release pin mechanism was subsequently selected for field

applications.
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Based on the feasibility study and laboratory tests that have been
conducted on the Hall effect sehsor, it was c?ncluded that the sensor has a
very high potential for success as a strain aﬁd displacement gauge. The tests
indicated that the performance of the gauge i; not affected by any external
factors, such as the high construction temperature, range of service
temperature, and moisture. Therefore, it was recommended that asphalt
concrete gauges, soil strain gauges, and deflection gauges be built and
tested. The schematic and circuit diagrams of these gauges are presented in

appendix B.
PIEZOELECTRIC FILM
ciples of Measurement

Piezoelectricity means "pressure electricity.” When certain crystals
are subjected to mechanical stress, electrical charges proportional to the
mechanical stress appear on their surfaces. This effect is called

piezoelectricity.

Polyvinylidene fluoride (PVDF) is a pol&ﬁer that exhibits the properties
of piezoelectricity. This polymer is manufac#ured with most of its molecular
dipoles oriented in the same direction by the%simultaneous application of a
strong electric field and heat. This yields # permanently poled device on the
order of 5 to 1,000 um thick with electrodes attached to the film faces.

PVDF films develop an electrical charge proportional to the change in
mechanical stress or strain. This charge diminishes with time due to internal
resistance and the electrical impedance of the attached circuit.

Unconditioned output voltages can be as high as several hundred volts,

depending on the applied stress.

Cost and Availability

A complete prototype transducer costs about $37, or approximately $17 in
hardware and $20 (1 h) in labor. The piezoelectric film is available in

standard sample sizes and configurations for about $6 per sensor. A standard
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sample worked fine for the prototype phase, but to improve the signal
characteristics, a custom sensor should be ordered; this will undoubtedly
involve a relatively large charge because of the small sensor quantities

required.

Several manufacturers, including Pennwalt and Solvay, manufacture
piezoelectric films. Due to the custom nature of the film’s applications,

orders must be placed directly with the manufacturers.

Operating Temperature

The manufacturer’s literature specified a maximum operating/storage
temperature of 212 °F (100 °C). Not knowing what safety factor was used in
the manufacturer’s calculations or whether it can withstand high paving
temperatures, a piezoelectric sample film was exposed to a temperature of
275 °F (135 °C) for 10 s, which represents typical upper-end installation
temperature in asphaltic concrete. The sample showed signs of severe
wrinkling and discoloration and shrunk in length by 16 percent. This o
eliminated the film as a potential sensor in the asphaltic concrete layer. It
may still have possibilities for use in the base and subgrade, as the
temperature in these layers is much lower. However, the manufacturer’s
literature also indicates that the film’s gain is temperature-dependent (see

figure 47).

Linearity and Range

The large signal level generated by this sensor makes the resolution of
small strains practical. An on-sensor amplifier can be provided by the
manufacturer, which facilitates transmission of the signal over long

distances.

To properly evaluate the signal characteristics of this film, a software
algorithm needs to be developed and tested to compensate for the effects of
all the variables that affect the output wave form, including temperature,

rate of force application, and aging characteristics, to name only a few.

155




GAIN REDUCTION (2)

sz |
1C o= - <
K2
3 \ —
]
Bt —
&
«
» .
03 -]
DAYS
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temperatures for the piezoelectric film.
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This software is not commercially available and must therefore be custom-

developed.

Applications

Due to the nature of the film, only dynamic signals can be measured
practically. Static measurements could theoretically be made with additional
hardware and sensor redesign, which would make the gauge prohibitively

expensive.
Recommendations

Based on the above discussion, the piezoelectric film clearly has
several disadvantages relative to this specific application. The effects of
high paving temperature on the gauge and inservice temperature on the gain are
the most serious limitations. In addition, a special data acquisition

software must be developed to properly evaluate the signal.

Based on the observations in the feasibility study, it was decided that
the piezoelectric film will not be a successful sensor to measure strains and
deflections of the flexible pavement layers. Therefore, it was not

recommended for any further laboratory or field testing.
INDUCTIVE DISPLACEMENT TRANSDUCER
Pr es of Measurement

An inductive displacement gauge uses an adjustable inductive coil as the
sensing element rather than the traditional resistive gauge or linear variable
differential transformer. It works by varying its resonant frequengy (in
conjunction with a fixed capacitor) by moving a loading slug in and out of the
coil. This inductance-capacitance (LC) circuit is part of an oscillator,
which is tuned by the slug movement relative to the coil. In operation, the
coil and the slug will be anchored to the surrounding material. As the
material expands or contracts under loads or temperature, a relative movement

between the coil and the slug will occur. This relative movement will
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generaté a shift in the oscillation frequency related to the direction and
magnitude of the strain. This variation in frequency will then be read
directly by either an inexpensive computer data acquisition board or a
frequency counter, or it can be converted into an analog voltage signal for
plotting and/or computer acquisition. A telescoping containment housing
(sensor shell) with anchors has been designed to facilitate mounting and
alignment in the field.

Cost and Availability

It is estimated that a completed transducer would cost about $60, or
approximately $20 in hardware and $40 (2 h) in assembly labor. The inductive

sensor element is hand-wound in a drill press or lathe.

Operating Environment

If properly assembled, this sensor will not be affected by either
temperature or moisture. Components can be selected to cancel out any
temperature effects. Moisture is sealed out by an epoxy coating. The
possibility of any magnetic interference from the test vehicles should be

investigated.

Linearity and Range

The natural frequency of the coil circuit, given by equation 6, is
inversely proportional to the coil inductance, which is proportional to the
position of a slug in a coil:

N, = (6)

21
2n /T

where
L = inductance (H)

C = capacitance (F)

158




The range is only limited by the length of the coil and the resolution
required. A practical range would be + 0.050 in (1.27 mm) or + 50,000
microstrains. If a displacement of 0.100 in (2.54 mm) were to correspond to
the frequency output from 0 to 100,000 Hz, then the calibration factor would
be 1 Hz per microstrain. This frequency could be read directly by inexpensive
acquisition boards commercially available without A/D conversion, or it could

be easily converted into an analog voltage for plotting and/or recording.

Applications

The basic exterior shell of this transducer is the same as the Hall
effect transducer shell, and therefore it can be used to measure strains and

deflections in asphalt concrete, base course, and subgrade materials.

ati
This sensor is a custom-designed element; off-the-shelf components are
limited to the oscillator electronics. Assembly requires the assistance of an
electronics technician. It was recommended that this sensor design be pursued
based on the advantages listed above. The schematics and circuit diagrams of

this gauge are presented in appendix B.
INVESTIGATION OF WIRELESS GAUGES

The protection of gauge wires during instrument installation, pavement
construction, and field testing is a major problem for all types of pavement
instrumentation. Large and sharp stones in the asphalt concrete material and
in the crushed aggregates base can easily cut through the wires, especially
under the high stresses associated with dynamic loading. As the pavement
deteriorates, its deflection undet‘truck loading becomes larger, ﬁhich in turn
imposes large strains on the wires and eventually causes failure. In addition
to the stress and strain problems on the wires, high quality and expensive
shielded wires must always be used to reduce the noise interference in the

measured signals.
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Because of all the above problems that may be encountered with the wires
connecting the sensors to the signal conditioning units, the possibility of
using wireless gauges was investigated. Wireless sensors are commonly used on
rotating shafts where contacting devices are not feasible. A wireless system
transmits the measuring signal from the sensor location impressed on a radio
frequency carrier, normally by frequency modulation (FM). A typical carrier
frequency would be 100 MHz, or approximately the center of the commercial FM
radio band. This carrier frequency is recommended because of the availability
of inexpensive receivers (FM radios). Both the gauge and the transmitter are

powered by a long-life battery that can be disconnected remotely.

The sensor signal is converted into a variable frequency at the site of
collection. This drastically reduces the amount of electrical interference
(noise) impressed upon the signal during transmission to the acquisition
system because most noise components are very short in duration but high in
amplitude. Analog signals are very susceptible to this typé of interference,

but FM signals are not.

A sélf-contained gauge would be placed in the ground and would be self-
supporting, whereas traditional gauges require transmission lines (wires)
leading to the gauge to supply power and extract the signal. The elimination
of wire placement requirements would greatly simplify the installation

process.

The wireless gauge is comparable to other strain measurement systems in
per-channel cost. A completed transducer would cost about $300, with most of
the cost applied to physical hardware. The prospect of failure makes this
overall transducer more expensive. If this gauge fails, both the transducer
and the transmitter are lost because both are underground in an inaccessible
location. If a more traditional gauge fails, only the gauge is lost, not the
above-ground conditioning system. The cost of failure is thus considerable.
Currently, pavement instrumentation is still at an experimental stage, where
high failure rates are always expected. Therefore, wireless gauges may not be
used successfully until more experience with in situ instrumentation of

pavements is obtained and the possibility of sensors failure is reduced.
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RECOMMENDATIONS

Based on the findings of the feasibility studies conducted in this part

of the research, the following recommendations were made:

1. The Carlson strain gauge (model CM-4) should be tested for possible
use in base course materials.

2. The TML embedment strain gauge (model KM-100HB) should be tested for
potential use in asphaltic concrete, base course, and subgrade
materials.

3. The Hall effect sensor should be further investigated through the
manufacture of prototype gauges and laboratory testing. The Hall
effect sensor should be tested for possible applications in asphalt
concrete strain gauges, soil strain gauges, single-layer
deflectometers, and multidepth deflectometers.

4. The research has uncovered several serious problems with the
piezoelectric film with regard to pavement instrumentation
applications. Therefore, it was recommended that no further
investigations or evaluations of piezoelectric film be conducted.

5. The inductive displacement sensor was recommended for investigation
through the manufacture and laboratory testing of prototype gauges.
It was recommended that the inductive sensor be tested for possible
applications on the single-layer deflectometer.

6. The risk of failure of the wireless gauge makes it very costly
because both the gauge and the transmitter will be lost at once.
Therefore, the wireless gauge was not recommended for any further
investigations.
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' 6. TESTING OF NEW INSTRUMENTATION: PHASE Ii

' LABORATORY TESTING OF NEW INSTRUMENTATION

As was discussed in chapter 5, the new instrumentation investigation
addressed two categories of sensors: (1) gauges ﬁsed in portland cement
concrete and (2) new instrumentation concepts. In this ;ection, the
laboratory testing of the selected gauges will be discussed. It was decided
that different sets of tests would be conducted on each category of gauge.

The gauges from the portland cement c;ncrete category were only subjected to a
single laboratory test to determine their modulus of elasticity in the ‘
direction of applied strain (i.e., tensile strains). This test was considered
adequate because this category of gauge already exists in the market and the
temperature, moisture, and dynamic charactéristics of these gauges are well

documented in the literature and various instrumentation catalogs.

The gauges under the néw instrumentation concepts category were
subjected to several laboratory tests to evaluate the various characteristics
of the new gauges. Based on the resultskof these tests, two types of gauges--
the Hall effect sensor and the inductive displacement gauge--were recommended
for further evaluation. The inductive displacement gauge requires the use of
iron powder cores (slug). Several unsuccessful attempts were made to locate a
quantity of this type of core through commercial sources. An alternative was
to manufacture the cores in the laboratory. The manufactured cores had unit
weights several times lower than the required level. This decrease in the
core’s unit weight produced a much shorter linear range than the range
obtained from the original cores. Ultimately, three inductive displacement
gauges were built using available 2-in (51-mm) cores and subjected to

laboratory calibration tests.
MEASUREMENT OF THE MODULUS OF ELASTICITY OF EXISTING GAUGES
The test for the measurement of the modulus of elasticity consisted of

subjecting the gauge to a given tensile force and measuring the corresponding

tensile strain. From the cross-sectional area of the gauge, the tensile
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stress can be calculated. The modulus of elasticity of the -gauge is then
calculated as the ratio of the tensile stress to the tensile strain The

modulus of elasticity was measured for the following gauges:

A \ Lo 57 . L -~
. . ] . -

¢ TML embedment gauge (model KM-100HB).

® TML embedment gauge (model KM—IOOB):

. TML embedment gauge (model PML). 3
® Kyowa gauge (model KM-120-H2-11 L100- 3);

® (Carlson gauge (model CM-4).

Table 49 summarizes the modulus of elasticity values for the various types of

gauges.

Table 49. Modulus of elasticity values for various types of gauges. -

; . Modulus of
Type of Gauge Elasticity (psi)
TML Model KM-100HB ' ’ o 270,000%*
TML Model KM-100B | B . : 270;000*
TML Model PML o L * 223,000 -
Kyowa Model ’ | | 240,000
Carlson Model CM-4 ; _ | o " ;; N/A

* From nanufactﬁrer-supplied informatioﬁ._

The modulus of elesticity is a very important characteristic,becausevthe
force required to generate a given level of strain in the gauge is directly
related to its modulus. Another important factor is the relationship between
the modulus of elasticity of the gauge and that ol the surrounding material.
The ideal situation would involve the use of a ga*ge that has the same modulus
of elasticity as the surrounding materlal Howev*:, th;s goal is difficult to

achieve because the asphalt concrete materlal has ja temperature-dependent
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modulus. The majority of the asphalt concrete strain gauges are built from
materials that have a constant modulus of elasticity. Therefore, a perfect
match between the modulus of the asphalt concrete material and that of the
gauge under the various temperature conditions is impossible. Another way to
address the modulus of elasticity problem would be to ensure that the gauge
material is always softer than the asphalt concrete material in order for the
gauge to measure the applied strain without a potential bearing capacity

problem.

It is well known that the modulus of the asphalt concrete material
depends on many variables, such as aggregate gradation (dense or open),
asphalt grade, asphalt concrete, air voids, etc. In addition, the
temperature-modulus relationship is different for different asphalt concrete
mixtures. In general, it can be assumed that the majority of asphalt concrete
mixtures have moduli ranging from 100,000 to 1,200,000 psi (690 to 8,275 MPa)
with the lower end being at the high temperature, around 100 °F (38 °C), and
the upper end being at the freezing temperature. An average modulus for the
majority of asphalt concrete mixtures at normal inservice pavement A

- temperatures, around 70 °F (21 °C), would be approximately 400,000 psi (2,760
MPa). Therefore, any gauge having a modulus of 400,000 psi (2,760 MPa) or
less would have a good possibility of success in measuring the strains in

.asphalt concrete materials.

The previous discussion covers the measurement of strains in the asphalt
concrete materials. When the strains in the unstabilized base course and
subgrade materials are measured, the situation is very similar, except that
the modulus of the surrounding material is lower and is moisture-dependent.
The range of the base and subgrade moduli is between 5,000 and 100,000 psi
(34.5 and 690 MPa) for wet and dry conditions, respectively. 1In general, an
average value of 20,000 psi (138 MPa) is usually assumed for normal inservice

moisture conditions.
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LABORATORY TESTING OF THE NEW INSTRUMENTATION CONCEPTS GAUGES

As mentioned earlier, the Hall effect gauge is the only type of gauge
from this category that was subjected to laboratory testing. This section

presents a brief discussion of the individual tests.
Effect of Temperature

The Hall effect gauges to be used in the asphalt concrete layer were
subjected to high temperature testing; which consisted of subjecting each
gauge to a temperature of 300 °F (148 °C) and measuring its linear range and
gain before and after the high temperature treatment. The data from this test
were shown in figure 45 (chapter 5) and indicated that the high construction
temperature will have no effect on the linear range or the gain of the Hall

effect gauge.

The second temperature testing series consisted of testing the Hall
effect gauges under a range of pavement service temperatures (i.e., 3, 30, 77,
90, and 120 °F [-16, -1, 25, 32, and 49 °C]). Again, the test consisted of
the effect of temperature on the linear range and the gain of the gauges. The
data from this test, shown in figure 46 (chapter 5), indicated that the range
of temperature will have no effect on the linear range or the gain of the Hall

effect gauge.
D c aracteristics

Because the gauges will be installed in inservice pavements subjected to
high-speed moving loads, it would be beneficial to measure their dynamic
characteristics. The dynamic testing was conducted on the MTS machine and
consisted of two tests: (1) sinusoidal testing and (2) pulse testing. Under
the sinusoidal testing series, the gauges were subjected to sinusoidal
displacement functions with frequencies ranging between 1 and 10 Hz. This
frequency range simulates the frequency range of the signals generated by a
loaded truck moving at speeds between 20 and 60 mi/h (32 and 96 km/h). The

data from the sinusoidal testing are shown in table 50, which indicates that
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the gauge response is identical to the input sinusoidal function (MTS-

generated function) as measured by its frequency and amplitude.

Under the pulse testing series, the Hall effect gauges were subjected to
pulse displacement functions with various pulse durations. The MTS-generated
pulse durations ranged from 70 to 150 ms. Table 51 shows the data obtained
from the pulse testing. The data indicate that the impulse response of the
Hall effect gauge is very similar to the expected input signal as measured by
its pulse duration and amplitude.

Measurement of Modulus of Elasticity

As shown in the figures in appendix B, the structure of the Hall effect
gauge consists of an outer and an inner tube separated by a layer of silicone
grease. Therefore, the apparent modulus of elasticity of the Hall effect
gauge is negligible.

Effect of Bending

As the Hall effect gauge is installed in the pavement layer to measure
horizontal strains, it will be subjected to both tensile and bending stresses.
Due to the structure of the Hall effect gauge, it was suspected that the
bending stresses would increase the apparent modulus of elasticity of the
gauge, which in turn might stiffen the gauge. The effect of bendiﬁg was
tested by applying an increasing lateral force to the gauge and measuring the
required longitudinal force to produce a preset longitudinal displacement.
Figure 48 shows the data from this test, which indicate that the effect of the
lateral force is negligible for all levels. Therefore, the effect of bending
on the Hall effect gauge is negligible.

THE USE OF HALL EFFECT SENSORS IN THE MULTIDEPTH DEFLECTOMETER
PURPOSE OF TESTING

The Texas Transportation Institute (TTI) has evaluated the Hall effect

sensor in a multidepth deflectometer environment. The replacement of the

167




Table 50.

Response of the Hall effect gauges to sine input

under MIS loading frame.

MTS Measured Frequecy Input Measured Amplitude
Frequecy Frequency  Difference Amplitude - Amplitude Difference
(Hz) (Hz) (%) (in) (in) (%)
2 2.3 14 0.050 0.050 0.6
2 2.1 6 0.050 0.050 0.6
2 2.3 14 0.050 0.050 0.6
2 2.2 11 0.100 0.107 7.2
2 2.2 10 0.100 0.108 7.5
2 2.2 11 0.150 0.156 4.1
2 2.2 10 0.150 0.155 3.6
S 2 2.2 12 0.150 0.212 41.4
2 2.3 13 0.200 0.212 6.2
2 2.2 11 0.250 0.268 7.4
2 2.2 10 0.250 0.267 6.8
2 2.2 12 0.250 0.267 6.9
5 5.4 8 0.050 0.048 -4.7
-5 5.4 8 0.050 0.047 -5.6
5 5.5 10 0.050 0.047 -5.3
5 5.5 10 0.100 0.101 1.4
5 5.5 10 0.100 0.102 1.5
5 5.5 10 0.150 0.157 4.8
5 5.7 14 0.150 0.155 3.6
5 5.5 10 0.150 0.155 3.5
5 5.5 10 0.200 0.208 3.9
5 5.5 10 0.200 0.208 4.0
1l in = 25.4 mm
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Table 50. Response of the Hall effect gauges to sine input
under MTS loading frame (continued).

MTS Keasured Frequency MTS ‘Measured Amplitude
Frequency Frequency Difference Amplitud Amplitude Difference
~ (Hz) (Hz) (%) (in) - (in) (%)

s 5.5 10 0.250 0.260 3.9

5 5.5 10 0.250 0.260 4.1

5 5.5 10 0.250 0.260 3.9

8 8.7 9 0.050 0.047 -5.3

8 8.3 3 0.050 0.048 -4.7

| 8.9 11 0.050 0.047 -5.3

8 9.2 15 . 0.100 0.099 -0.7

8 9.4 18 0.100 0.099 -0.7

8 8.9 1 0.150 0.151 0.4

8 8.9 11 0.150 0.150 0.0

8 8.9 1 0.150 0.150 0.1

8 8.9 11 0.200 0.202 0.8

8 9.2 15 0.200 0.202 0.8

8 8.9 11 0.250 0.255 2.0

8 8.9 11 0.250 0.255 1.9

8 8.9 11 0.250 0.256 2.2

10 10.3 3 0.050 "0.042 -16.4

10 11.4 14 0.050 0.042 -15.3

10 11.0 10 0.050 0.042 -16.1

10 11.0 10 0.150 0.148 -1.1

10 11.0 10 0.150 0.148 -1.2

10 11.0 10 0.150 0.148 -1.7

10 11.0 10 0.200 0.196 -2.2

1l in = 25.4 mm
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Table 50. Response of the Hall effect gauges to sine input
under MTS loading frame (cont»inued‘).

MTS' Measured Frequency ‘MTS -~ Measured’ Amplitude

Fi'eqﬁency Frequenéy Difference Amplitude Amplitude Difference

. _(Hz) - (Hz) - (%) (in) ~ (in) (%)
10 1.0 10 0.200 0.195 -2.4
10 11.0 10 0.250 0.249 -0.3
10 11.0 10 0.250 0.250 " 0.0
10 11.4 14 0.250 0.250 0.1
20 23.6 18 0.050 0.034 -31.4
20 23.6 18 0.050 0.034 -31.4
20 22.0 10 0.100 0.083 -16.9
20 22.0 10 0.100 0.083 -16.9
20 22.0 10 0.150 0.128 -14.6
20 22.0 10 0.150 0.128 -14.5
20 22.0 10 0.150 0.127 15.1
20 . 22.0 10 0.200 0.172 -14.0
20 22.0 10 0.200 0.171 -14.4
20 22.0 10 0.250 0.220 -11.9
20 22.0 10 0.250 0.220 -11.9
20 22.0 10 0.250 0.219 -12.3

1l in = 25.4 mm
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Table 51.

under MTS loading frame.

Response of the Hall effect gauges to haversine input

Frequecy

Input

MTS Measured Measured Amplitude
Frequecy Frequecy Difference Amplitude Amplitude Difference
(Hz) (Hz) (%) (in) (in) (%)
2 2.3 13 0.050 0.052 4.0
2 2.2 10 0.050 0.051 1.4
2 2.2 10 0.100 0.103 3.1
2 2.3 14 0.150 0.154 2.9
2 2.3 14 0.150 0.155 3.1
2 2.2 10 0.150 0.153 1.7
2 2.2 10 0.200 0.196 -1.9
2 2.2 10 0.200 0.197 -1.7
2 2.2 10 0.200 0.195 -2.5
2 2.2 _ 10 0.250 0.248 -0.6
2 2.2 10 0.250 0.248 -0.6
2 2.3 15 0.250 0.249 -0.5
5 6.1 22 0.050 0.046 -8.3
5 6.2 25 0.050 0.046 -7.9
5 5.2 3 0.050 0.047 -6.1
5 6.0 20 0.100 0.098 -1.6
5 5.5 10 0.150 0.151 0.7
5 5.4 8 0.150 0.152 1.1
5 5.4 8 0.150 0.152 1.1
5 5.6 12 0.200 0.194 -2.9
5 5.5 10 0.250 0.243 -2.7
5 5.7 14 0.250 0.243 -2.8

lin=25.4 mm
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Table 51. Response of the Hall effect gauges to haversine input
under MIS loading frame (continued). -

MTS Measured Frequency MTS Measured Ainplitude

Frequency Frequency Difference Amplitude Amplitude Difference
(Hz) (Hz) (%) (in) (in) (%)
5 5.5 10 0.250 0.246 -1.6
8 8.5 6 0.050 0.042 -16.2
8 8.7 9 "~ 0.050 0.042 -16.9
8 5.3 -33 0.050 0.041 -17.5
8 8.7 9 0.100 0.094 -6.1
8 9.2 15 0.100 0.093 -6.8
8 8.7 9 0.100 0.094 -6.4
8 8.5 6 0.150 0.147 -2.0
8 8.7 9 0.150 0.147 -2.1
8 9.2 15 0.150 0.146 -2.4
8 8.7 9 0.200 0.192 -4.2
8 8.7 9 0.200 0.192 -4.1
8 9.2 15 0.250 0.241 -3.5
8 9.4 18 0.250 0.241 -3.5
8 9.2 15 0.250 0.242 -3.1
10 11.4 14 0.050 0.044 -11.9
10 11.8 18 0.050 0.044 -12.8
10 11.8 18 0.050 0.254 407.2
10 11.0 10 0.100 0.094 -6.1
10 11.4 14 0.100 0.094 -6.0
10 11.0 10 0.150 0.140 -6.7
10 11.0 10 0.150 0.140 . -6.6
10 11.0 10 0.200 0.140 -29.8

1 in = 25.4 mm
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Table 51. Response of the Hall effect gauges to haversine input
under MTS loading frame (continued).

MTS Meésuted Frequency MTS A Measured Amplitude
Frequency Frequency Difference Amplitude Amplitude Difference
(Hz) (Hz) (%) (in) (in) (%)
10 - 11.4 g 14 0.200 0.187 -6.3
10 11.0 10 0.200 0.187 -6.5
10 11.4 14 0.200 0.187 6.3
10 11.4 14 0.250 0.235 -5.9
10 - 11.0 10 0.250 0.234 -6.4
10 11.0 10 0.250 0.233 -6.6
20 120.6 3 0.050 0.035 -30.8
20 66.0 230 0.050 0.034 -31.3
20 22.0 10 0.050 0.033 ' -34.7
20 22.0 10‘ 0.100 0.077 -23.5
20 22.0 10 0.150 0.122 -19.0 .
20 22.0 10 0.150 0.122  -18.9
20 22.0 10 0.150 0.123 -18.2
20 22.0 10 0.200 0.164 -18.2
20 22.0 10 0.200 0.164 -18.2
20 22,0 10 0.250 0.206 -17.5
.20 22.0 10 0.250 0.208 -16.8
20 » 22.0 10 0 0.208 -16.8

.250

1lin = 25.4 mm
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current LVDT sensor in the MDD module was investigated, together with the
response of the new system to both truck and FWD-type loading. Because the
FWD is a high-frequency loading device (loading time 0.03 s), it can be used
to determine if the Hall effect sensor has the frequency response that allows

accurate measurement of relatively rapid loadings.
HARDWARE SETUP

The MDD module was modified to hold the Hall effect sensor. The cross
sections of the current MDD and the modified MDD module are shown in figure
49, The Hall effect sensor was built into the center core and two magnets
were installed in the modified MDD module. The MDD modules containing the
Hall effect sensor magnets are shorter than the LVDT-based médules; this is an
advantage because the units can be placed closer together. The LVDT and Hall

effect sensor setups are shown in figure 50.

The LVDT was monitored using a microcomputer-based data acquisition
system. The LVDT used was a + 0.125-in (3.175-mm) AC unit from Schaevitz;
-0.125 in (-3.175 mm) is equivalent to 10 V. Because the voltage output from
the Hall effect sensor is very small, in the millivolt range, a low-noise
voltage amplifier system (capable of 10 times amplification) was built to aid
in data acquisition. The output of the Hall effect sensor was monitored using

a digital oscilloscope with manual triggering.
CALIBRATION OF SENSORS

Both the LVDT and the Hall effect sensors were calibrated in the
laboratory and in the field. The laboratory calibration of the LVDT matched
the manufacturer'’s calibration factor; the Hall effect calibration was similar

to results discussed earlier in this chapter.

A unique feature of the MDD is that the sensors can be calibrated in the
field prior to testing. This is achieved by decoupling the center core from
the system anchor and then attaching an extension from the core to an accurate
surface micrometer. The field calibration has been found to be important in

the past in that the lab and field calibrations are frequently 2 to 3 percent
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off for LVDT's; however, the field calibration factors remain constant. The
results of the field calibration are shown in figure 51. The Hall effect is
linear over a range of * 0.05 in (1.27 mm), whereas the LVDT is linear over
the specified range of + 0.125 in (3.175 mm). '

The small range of the Hall effect sensor created a mechanical
installation problem; it is critical to set the sensor in the center of its
travel range to ensure that data are collected in the linear range.
Furthermore, if data are collected over a period of time énd the pavement
layers deform, then the Hall effect sensor will need to be continually

readjusted to the center of its linear range.

EXPERIMENTAL PLAN
PAVEMENT DESIGN

The test sections for phase II were designed following the same AASHTO
procedure used in the deésign of the phase I test sections (see chapter 2). .
The layer thicknesses used in phase II consist of 6 in (152 mm) of asphalt
concrete on top of 8 in (203 mm) of base for the thin section and 10 in (254
mm) of asphalt concrete on top of 10 in (254 mm) of base for the thick

section.
DATA COLLECTION PLAN

The data collection plan was similar to the plan implemented in phase I.
The data from the instrumentation were collected under a single axle tractor
and a tandem axle trailer with dual radial tires with the following

combinations of load, tire pressure, and speed:
® Load levels: empty trailer, fully loaded trailer, and intermediate
load level.

® Testing speeds: 20, 35, and 50 mi/h (32, 56, and 80 km/h).
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® Tire pressures: vmanufaéturer's suggested cold inflation and
suggested inflation plus 35 psi (241 kPa).

® Replicates: Four replicates of each measurement were collected.
The above experiment provided a total of:
3(load) x 3(speed) x 2(pressure) x 4(replicates) = 72 measurements/gauge

All data were collected using the same data acquisition system used in the
first phase of this project. In addition to the full-scale testing, PennDOT’s

falling weight deflectometer was used to test the instrumented sections.

PennDOT's portable WIM'equipméht was used to ﬁeasure‘thé dynamic loads.
-This portable WIM is the Golden River capacitance-mat type.

INSTRUMENTATION LAYOUT

The installation éf the gauges within the existing test sections was-
accomplished through partial removal of the sections and retrofitting of the
gauges in the pavement layers. Thirty ft (9.2 m) of the asphalt concrete
layer of each section were removed. The base course material stayed in place;
therefore, the installation of gauges into the subgradétwas perférmed through
partial excavation of the base course material at the instruments’ locations.
The instrumentation within the base course layer was installed at mid-depth
level and required minimal excavétiqn; After the'instruméﬁtation was
installed in the base course and subgrade, the strain gauges at the bottom of
the asphalf concrete layer were installed and the new asphalt conqretgklayer
was constructed. Table 52 summarizes the gauges that were installed in both
sections, and figures 52 and 53 show the distribution of gauges in the thin

and thick sections, respectively.

In both sections, the Hall effect gauges have three replicates at all
levels of installation (i.e., surface, base, and subgréde layers). The Kyowa
gauges, installed in the asphalt concrete layer, served as a reference because
they were tested in the first field testing experiment and showed very good

performance. The TML embedment gauges (type PML) are very similar to the
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Table 52. Summary of gauges for phase II field testing.

Number of
Gauge Type ' Gauges/Section Orientation Location
Kyowa gauges 4 Longitudinal At the bottom of asphalt concrete
Core strain gauges : 4 ‘Longitudinal At the bottom of asphalt concrete
Carlson strain gauge (CM-4) 1 Longitudinal Within the base course layer
TML embedment gauge (PML type) 4 Longitudinal At the bottom of asphalt concrete
TML strain gauge (KM-100HB) 1 Longitudinal At the bottom of asphalt concrete
TML strain gauge (KM-100B) 1 Longitudinal Within the base course layer
TML strain gauge (KM-100B) 1 Vertical Within the subgrade
Hall effect strain gauge 3 Longitudinal At the bottom of asphalt concrete
Hall effect strain gauge -3 Longitudinal Within the base course
Hall effect strain gauge 3 Vertical Within the subgrade
Hall effect deflection gauge © 2 Vertical At the surface of the pavement
Inductive deflection gauge 2 Vertical At the surface of the pavement
Multidepth deflectometer 1 Vertical Throughout the depth of pavement
Thermocouples 8 N/A Throughout the depth of pavement
Solid state sensors 8 N/A Throughout the depth of pavement
Transverse location device 1 N/A At the side of the section
Infrared triggering device 1 N/A At the beginning of the section
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Kyowa gauges; they were installed in both wheel tracks and their performance

was compared with the performance of the Kyowa gauges.

Four different types of core gauges were iﬁstalled in the inner wheel
path of each section. The objective of this plaégis to evaluate the effect of

clearance and gauge size on the performance of tﬁL core gauges.

Two SLD’s with Hall effect sensors and one 1nductive displacement sensor
were installed in the outer wheel path of. each section. The SLD’s monitored

the displacement of the surface layer:
DATA ANALYSIS PLAN

As discussed under the data collection pla%@ four replicates of each
measurement were collected. In addition, the trgnsverse location device was
used to ensure that the wheel passes in repl1cat? runs were within an
acceptable distance from each other. After the ltansverse vehicle location
and the dynamic load (from the WIM system) were ypown for each unit of data,

the following analysis was performed:

® Survivability of the sensors: ‘reﬁresen'é the number of gauges still
operational after construction relative to the number of gauges
initially installed.

® Repeatability of the sensors: dlsper51 n of measurements for
specific test conditions (i.e., mean, andard deviation, and
coefficient of variation). :

o Effect of test variables: how the vari?us test conditions affected
the response of the sensors.

¢ Uncertainty of the measurements: diffe ence between the sensor
measurements and the theoretical value §s predicted from the theory
of elasticity solution. ‘ i

. Regression analysis: 1In situations wheFe different types of gauges
are measuring the same response, a regression analysis will be
conducted to.correlate the measurements of each indlvidual gauge with
the measurements of other gauges.

A special data analysis was planned for th§ measurements from the core

gauges. However, the core gauge failed, and, beeause no back-up gauges were
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available for replacement, the experiment had to be abandoned. Additional
reasons for not replacing the broken gauge were poor performance of core

gauges in phase I and limited funds remaining in the project budget.

PAVEMENT CONSTRUCTION

, The phase II test sections (thin and thick) were constructed at the test
track within the same region of the phase I test sections. The construction

process was as follows:

1. Cut a 306ft-1ong-by-12-ft-wide (9.2-m-long-by-3.7-m-wide) section of
the phase I thick and thin sections as far as possible from the
existing gauges. ' ’

2. Remove the cut asphalt concrete layer.
3. Level and compact the existing base course to the desired density.

4. Leave the pavement section open for a period of 2 weeks to allow for
the installation of gauges into the base course and subgrade.

5. After the base course and subgrade gauges are installed, install:the
asphalt concrete strain gauges.

6. After the asphalt concrete gauges are installed, proceed with the
paving operation.

7. After the paving operation and compaction are completed, install the
surface single-layer deflectometer.

INSTALLATION OF INSTRUMENTATION

The Kyowa, PML, and TML strain gauges in the asphalt concrete layer were
installed following the same procedure used in the phase I testing program.
The Hall effect strain gauges in the asphalt concrete and unbonded layers were
installed using a special procedure due to the unique structure of the gauges.
The structure of the Hall effect strain gauge consists of an outer and an
inner tube separated by a layer of silicone grease. Therefore, the tensile
strength of the Hall effect gauge is negligible. This was expected to present
a problem in installation because the Hall effect gauge will be driven out of
range by compaction stresses. Consequently, the Hall effect gauges were built

with a mechanical release pin attached to the middle of the gauge. After
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installation and final compaction of the pavement section, the release pin was
removed by pulling it with a cable extended through the shoulder of the test
section., Some difficulties were encountered in pulling the release pins from

the Hall effect soil strain gauges.

All strain gauges were monitored during the installation and pavement
compaction activities. Only static compaction was allowed over the gauges,
which was very effective in reducing the failure rate of the gauges in the

asphalt concrete layer.

The Hall effect and inductive displacement single-layer deflectometers
were installed according to a procedure similar to the one used in the phase I

testing program.
DATA ACQUISITION AND REDUCTION

The data acquisition arid reduction system described in chapter 2 was
also used to collect the data from all the gauges installed in phase II. The
gain of the Hall effect sensors was relatively low, in the order of
1.30 mV/Gauss; therefore, a special magnification box was built to boost the

output voltage to the range of + 5 V.
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7. DATA ANALYSIS: PHASE I

The second main objective of this research project was to investigate
and test new concepts of pavement response measurements suitable for field
installation. Various new concepts were investigated, including Carlson
gauges, TML gauges, Hall effect sensors, piezoeleétric film, inductive
displacement, and wireless gauges. All new concepts were subjected to
laboratory evaluation, and the most promising ones were sélected for field
testing. The test variables, discussed in chapter 6, were selected to provide
a wide range of measured responses under which the nmew instrumentation
concepts could be evaluated. This chapter presents the results of data
analyses performed on the measured data in order to evaluate the performance

of the individual new concepts.
STRAIN MEASUREMENTS IN THE ASPHALT CONCRETE LAYER

Strain data were collected under the various combinations of test
variables using the data acquisition package developed in this project. Thé
measurements from the individual gauges were converted into engineering units
using calibration factors developed from laboratory testing as discussed in
chapter 6. The full time history of strain data was collected from each gauge
under each pass of the test vehicle. The strain time history included the
response under the steering axle, single drive axle, and tandem trailer axles.
Similar to the analysis of phase I data (chapter 3), the actual strains were
obtained from the strain time history by subtracting the initial reference

from the maximum strains (see figure 8).

The following strain gauges were installed in the asphalt concrete
layer: Kyowa, Hall effect, PML, and TML. All gauges were installed during
the construction of the test sections. The actual locations of these gauges

in both sections were shown in figures 52 and 53.
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SURVIVABILITY

The gauge tested under phase II were all new instrumentation concepts
except for the Kyowa gauges. As expected, not all gauges survived the
construction and installation activities. All gauges were installed in the
longitudinal direction at the outer wheel track of the section. The following

gauges survived in the thick section:

® Three Hall effect strain gauges at stations 12, 15, and 18.
® Four PML strain gauges at stations 8, 11, 14, and 17.

® Three Kyowa strain gauges at stations 16, 22, and 26.
The TML gauge installed at station 13 was unoperational after construction.

The following gauges survived in the thin section:

® Three Hall effect strain gauges at stations 12, 15, and 18.
® Three PML strain gauges at stations 7, 14, and 17.

® Three Kyowa strain gauges at stations 11, 16, and 22.

The TML gauge installed at station 13 was only operational under certain
combinations of test variables. The Kyowa gauge at station 11 was

unoperational toward the middle of the testing program.

The survivability of the asphalt concrete gauges was very good, in

general, except for the TML-type strain gauge.
REPEATABILITY

The repeatability of the gauges is studied in terms of the means,
standard deviations, and coefficients of variation of the four replicate
measurements for each combination of test variables. The results of the four
replicates and their corresponding means, standard deviations, and
coefficients of variation are presented in appendix D of volume II of this

report. The lower the COV, the better the repeatability of the measuring
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device. In general, COV values less than 10 percent are considered good, and
COV values less than 5 perceﬁt are considered excellent. Tables 53 and 54
show typical repeatability data from the thick and thin sections,
respectively. As these tables and the data in appendix D of volume II
indicate, most of the COV values are in the range of 1 to 6 percent. Based on
the COV range, all the gauges showed good to excellent within-gauge
repeatability.

EFFECT OF TEST VARIABLES ON THE RESPONSE OF GAUGES

As mentioned in the testing plan, the test variables included axle load,
tire pressure, and truck speed. In addition, strain data were collected under

both the single drive axle and the tandem trailer axles.

The measured strain data from thin and thick structures under the
various combinations of load, tire pressure, and speed are tabulated in
appendix D of volume II for both single- and tandem-axle configurations. From
these tables, it is obvious that the effect of tire pressure on strain at the
bottom of the asphalt concrete layer is insignificant compared to the effects
of axle load and truck speed for all types of strain gauges. The conclusion
is similar to the one drawn based on the data of phase I (see chapter 3).
Therefore, the effect of axle load and vehicle speed on the response of all

strain gauges was studied.
ect o oad on the Response train Gauges

The data from the thick section were consistent among all gauges. The
measured strains in the thick section increased as the load increased. The
thin section data showed less consistency among the various gauges and with
respect to the effect of load on the measured strains. The majority of the
data showed a linear relationship between the strain and axle load. However,
the slope of the stress versus load changes from one gauge to another within

the same group of gauges.
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‘Table 53.

tire pressure of 100 psi (690 kPa), thick section.

Strain values under drive axle with 18.5 kips/axle,

Truck .
Speed ACH-12 ACH-15 ACH-18 K~-16 K-22 K-26 PML-7 PML-11 PML-14 PML~-17
(mi/h) DRV DRV DRV DRV DRV DRV DRV DRV DRV DRV
20 131.10 119.95 115.68 27.35 28.05 117.66 124.74 81.06 35.89 79.53
20 129.55 115.40 114.75 28.05 27.91 115.55 121.15% 80.64 35.48 79.32
20 132.62 118.00 110.00 26.65 27.97 119.71 126.89 81.22 35.74 78.46
20 129.09 120.80 119.00 27.60 28.11 118.39 123.09 81.02 35.73 78.75
Mean 130.5%9 118.54 114.86 27.41 28.01 117.83 123.97 80.98 35.71 79.01
STD 1.39 2.08 3.22 0.51 0.08 1.51 2.11 0.21 0.15 0.43
cv 1.06 -1.75 2.80 1.86 0.27 1.28 1.70 0.26 0.42 0.55
35 130.75% 75.12 73.60 16.44 21.74 103.13 92.94 74.25 25.19 51.60
35 131.90 80.20 73.13 15.88 21.24 103.93 93.64 76.99 25.65 52.64
35 131.60 81.50 72.65 15.86 21.19 103.62 93.84 77.51 25.95 50.74
35 129.10 75.30 72.00 15.75% 21.37 103.41 93.06 76.31 25.07 51.69
Mean 130.84 78.03 72.85 15.98 21.38 103.52 93.37 76.27 25.46 §1.67
STD 1.09 2.86 0.59 0.27 0.22 0.29 0.38 1.24 0.35 0.67
cv 0.83 3.66 0.81 1.67 1.01 0.28 0.41 1.62 1.38 1.30
50 122.76 85.25 66.05 16.02 14.59 63.78 65.01 51.23 24.13 46.82
50 115.11 78.51 63.09 16.03 14.00 57.60 60.97 56.55 24.00 43.23
50 101.60 73.90 68.84 17.53 15.44 62.68 58.29 54.95 22.56 41.17
50 99.29 76.65 66.00 16.56 14.83 58.05 64.76 56.47 22.61 45.37
Mean 109.69 78.58 66.00 16.54 14.72 60.53 62.26 54.80 23.32 44.15
STD 9.67 4.19 2.03 0.61 0.52 2.73 2.80 2.16 0.74 2.14
cv 8.81 5.33 3.08 3.72 3.51 4.49 3.17 4.85%

4.52

3.94

l1mi=1.61 km
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Table 54.

Strain values under drive axle with 18.5 kips/axle,
tire pressure of 135 psi (932 kPa), thin section.

Truck :
Speed K-11 K-16 . K-22 PML-7 PML~-14 PML~-17 TML-13
(mi/h) DRV DRV DRV DRV DRV DRV DRV
20 107.14 186.24 248.83 63.02 75.23 57.47 100.03
20 97.65 192.64 221.74 64.41 77.65 59.99 100.13
20 96.40 177.99 221.88 $8.93 . 76.00 58.49 96.31
20 © 94.12 180.98 240.23 58.60 75.26 $7.06 97.03
Mean 98.83 184.46 233.17 61.24 76.04 58.25 98.37
STD 4.96 5.57 11.76 2.53 0.98 1.13 1.72
cv 5.02 3.02 5.04 4.13 1.29 1.94 1.75
35 70.44 182.13 134.28 41.84 59.03 48.72. 87.38
35 83.60 184.35 147.34 41.06 61.49 50.92 79.44
385 86.04 182.30 146.99 38.36 60.07 50.47 83.80
35 76.42 177.16 143.44 44.56 56.39 49.28 79.75
Mean 79.13 181.48 143.01 41.46 59.25 49.85 82.59
STD 6.13 2.65 5.27 2.21 1.87 0.89 3.25
cv 7.75 1.46 3.68 5.33 3.15 1.78 3.94
50 39.47 126.74 126.84 25.73 37.77 39.54 70.16
50 43.87 125.81 122.58 25.69 38.80 39.67 69.54
50 46.35 128.80 126.73 25.85 37.17 39.72 71.92
50 47.41 129.01 129.02 26.36 37.17 39.07 68.14
Mean 44.27 127.59 126.29 25.91 37.73 39.50 69.94
STD 3.06 1.36 2.33 0.27 0.67 0.26 1.36
cv 6.91 1.06 1.85 -1.03 1.76 0.65

1.94

lmi=1.61 km



Effect of Truck Speed on the Response of Strain Gauges

The measurements from all the strain gauges indicated that the speed of
the test vehicle has a significant effect on the measured strains. This
observation is consistent with the data collected under phase I of the
project. Reductions in the measured strain in the order of 30 and 50 percent
were observed for speeds of 35 and 50 mi/h (56 and 80 km/h) when compared to
strains observed at 20 mi/h (32 km/h), respectively. Even though the effect
of speed on the measured strains was consistent among all gauges, the absolute
reductions in the measured strains were inconsistent. The analysis of phase I
data indicated that the inertia of the pavement is insignificant and the
effect of speed on the measured strains is mainly due to the viscoelastic

behavior of the asphalt concrete material.
UNCERTAINTY

As discussed under the analysis of phase I data (chapter 3), several
factors must be taken into consideration when evaluating the uncertainty of
the measurements from the various types of strain gauges. The various means
of handling these factors were also discussed. The phase II data were also
subjected to the effects of the same factors; therefore, a similar approach
was used to consider the effect of nonuniformity of pavement material and
thickness variability. As far as dynamic loads are concerned, PennDOT's WIM
system was used to evaluate the dynamic load variations at the test sections.
The test track (tractor-trailer combination) was loaded at the three load
levels of empty, intermediate, and loaded, and the individual axles were
weighed statically and as they ran over the WIM pads. Table 55 shows the
measurements of the WIM system for the gross weight, single drive axle, and
front and rear tandem axles. The WIM data indicate that a variability in the
dynamic loads exists among the various replicate measurements. The front

tandem axle showed the highest variability.

The WIM data were used in the uncertainty analysis: the variability of
WIM measurements for the various cases of axle type and load level was used to
adjust the static loads. As a result, a range of static loads is obtained

that is used in the theoretical analysis.
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Table 55. Summary of the WIM measurements.

Number of Standard Coefficients of
Type of Weight Static Weight (1b) Observations Mean Deviation Variation (%)
Gross Weight : 25,160 16 29,492 3,026 10
43,391 17 42,692 1,591 4
66,675 30 63,343 3,194 5
Drive Single Axle 7,935 16 ' 10,164 1,095 11
13,230 17 13,600 1,312 10
18,220 30 17,019 1,013 6
Front Tandem 5,170 16 6,970 1,906 27
12,655 17 . 12,686 2,250 18
22,450 30 20,146 1,363 7
Rear Tandem 3,470 16 5,657 777 ‘ 14
9,165 17 10,080 1,878 19
17,635 30 19,236 1,897 10

11b=45N



Using the variability in the layer thickness, material nonuhiformity,
and dynamic loads, researchers determined the range of the theoretical strains
from the elastic multilayer solution and compared them to the measured strains
at 70 mi/h (32 km/h) as shown in figures 54 through 57. The data in these
figures show that the majority of the measured strains are in the range of the
calculated strains for the thin section. The measured strains on the thick
section showed higher variability among the various gauges and a larger range
of calculated strains. It is important to recognize that the WIM data give an
indication of the variability ofAdynamicﬂloads.f However, it does not provide
any information regarding the dynamic-load profile along the test section.

The dynamic load profile is a major contributor to the fact that the measured
strains are higher than calculated values for some stations and lower than
calculated values at other stations. The variation in dynamic load profiles
and the strain response along a highway section is represented by various

degrees of roughness developed in inservice highway pavements.
REGRESSION ANALYSIS OF STRAIN MEASUREMENTS

A linear regression analysis was conducted to investigate the
relationship between the measurements from the individual gauges and the
average measurements of all gauges. The Hall effect, the Kyowa, and the PML
strain gauges were all installed at the bottom of the asphalt concrete layer
in the longitudinal direction. The general form of the regression equations
and the evaluation procedure were presented in chapter 3 of this report.
Therefore, the discussion here will be limited to the presentation of the
intercept, slope, coefficient of correlation, and the standard error of

parameter estimate for each group of gauges.

Table 56 shows the summary of the statistical analysis for the various
types of gauges. Figures 58, 59, and 60 show the actual data for the Kyowa,
Hall effect, and PML gauges, respectively. The data show that the intercepts
of the regression models are very small for all types of gauges. However, the
coefficients of correlation for the Kyowa and PML gauges are rather low, and

the slopes of all types of gauges are far from unity.
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Figure 54. Comparison of measured and calculated strains under a single drive axle load

of 13,500 1b (6 129 kg) for the thin section.
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Figure 56. Comparison of measured and calculated strains under a singie drive axle load
of 13,500 1b (6 129 kg) for the thick section.
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Table 56. Statistical summary of the regression analysis for the
thin and thick section, drive and trailer axles,
phase II.

Independent Variable: Average value of all the gauges.

Dependent Intercept Slope Sample R-squared Std. Error

Variable a b Size 4 of Est. Mean Minimum Maximum
Kyowa -6.91 1.055 864 66 16.3 44 7 96
Hall Effect 5.76 1.261 864 91 8.8 76 22 120
PML 1.39 0.68 864 64 11.1 34 9 84
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The results of the regression analysis indicate that there is not a good
correlation between the various types of gauges. The Hall effect gauge has
the highest.R-squared value, while the Kyowa and PML gauges have low R-squared
values. Note that the Kyowa gauges were evaluated in the first phase of the
research and had performed extremely well compared to the other types of

gauges.

Additional regression analyses were conducted to identify the source of
the low R-squared values.. These analyses separated the data from the two
pavement sections. Figures 61, 62, and 63 show the actual data for the Kyowa,
Hall effect, and PML gauges on the thick section. Note that the R-squared
values are considerably higher than the ones generated from the combined
analysis (i.e., thin and thick). Based on this data, it can be concluded that
there is good agreement among the various types of gauges on the thick section
and poor agreement among the various gauges on the thin seétion. In general,
the strain values measured from the thin section are always 20 to 50 percent
higher than the ones measured from the thick section. Finally, the regression
analysis has supported the conclusions drawn based on the other evaluation;i
criteria, which indicate that the Hall effect gauges can be used in pavement
instrumentation. However, more research must be performed to investigate the
design and methods of installation of those gauges, especially when they are
subjected to high strains. ‘

'STRAIN MEASUREMENTS IN THE UNBONDED LAYERS

Strain gauges were installed in the crushed aggregate base course and
the subgrade layers. The Hall effect, Carlson, and TML soil strain gauges
were installed at mid-depth into the base course in the longitudinal
direction. The Hall effect and TML soil strain gauges were installed 3 in
(76 mm) into the subgrade in the vertical direction. The actual locations of

these gauges in both sections were shown in figures 52 and 53.

SURVIVABILITY

The gauges in the base and subgrade layers of the thick section that

survived the installation and construction process are listed below:
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® One TML soil strain gauge in the base course at station 11.
® One Hall effect soil strain gauge in the base course at station 14.

® One Hall effect soil strain gauge in the subgrade at station 8.

Two Hall effect strain gauges and one Carlson gauge in the base course and two
Hall effect gauges and one TML soil strain gauge in the subgrade were

unoperational shortly after construction.

One gauge in the base and .subgrade layers of the thin section survived
the installation and construction process: one Hall effect strain gauge in

the base course at station 20.

One TML soil strain gauge, one Hall effect strain gauge, and one Carlson
gauge in the base course and three Hall effect soil strain gauges and one TML
soil strain gauge in the subgrade were all unoperational shortly after
construction. The above data indicate that the failure rate of the soil
strain gauges is very high, thch indicates that some major 1mproveménts must
be made in the design and installation procedures of these new concept soil

strain gauges.
REPEATABILITY

The data from the soil strain gauges were collected simultaneously with
the data from the asphalt concrete strain gauges. Therefore, four replicates
were obtained for each combination of the test variables. Again, the
evaluation of the repeatability of the gauges will depend on their measured
coefficients of variation. Tables 57 and 58 show typical data from the soil
strain gauges for the thick and thin sections, respectively. The data show
that a majority of COV’s are less than 10 percent, which indicates that the
survived soil strain gauges did actually have good repeatabllity Appendix E
in volume II shows the results of the four replicates and their corresponding

means, standard deviations, and COV's
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Table 57. Strain values in unbonded layers under drive and tandem axles,
heavy load level, tire pressure of 100 psi (690 kPa), thick section.

Truck
Speed CABH-14 TCAB-11 CABH-14 TCAB-11 CABH-14 = TCAB-11 SGH-8 SGH-8 SGH-8
(mi/h) DRV DRV TAN1 TAN1 TANZ . TAN2 DRV TAN1 TAN2

20 33.40 63.45 17.70 44.84 34.70 87.96 32.80 - 19.15 40.40
20 33.10 70.85 17.15 48.81 34.40 91.83 33.45 20.30 36.15
20 30.75 66.05 19.10 45.20 36.80 87.717 35.80 23.25 40.75
20 32.85 64.20 18.08 49.99 33.05 88.04 36.65 20.50 39.80

Mean 32.53 66.14 18.01 47.21 34.74 88.90 34.68 20.80 39.27
STD 1.04 2.88 0.71 2.23 1.34 1.69 1.60 1.51 1.84
cv 3.21 4.35 3.95 4.73 3.87 1.90 4.60 7.24 4.67

80¢

35 31.19 61.13 16.28 38.19 37.32 84.83 33.45 20.48 46.91
35 31.45 60.35 16.50 40.80 33.25 84.61 32.10 16.65 42.00
35 30.15 61.12 16.29 40.80 35.22 83.73 32.68 "17.33 46.67
35 31.40 62.06 14.55 39.13 37.35 84.00 33.80 16.77 41.15

] Mean 31.05 61.17 15.90 39.73 35.78 84.29 33.01 17.80 44.18

STD  0.53 0.61 0.79 1.12 1.70 0.44 0.66 1.56 2.62

cv 1.70 0.99 4.95 2.82 4.75 0.53 2.01 8.78 5.94

50 25.11 37.73 9.06 8.37 28.75 35.99 35.45 11.49 32.20

50 26.64 31.86 11.14 20.18 25.69 62.08 41.65  9.15 37.05

50 25.20 37.71 N/A 9.80 N/A 41.20 27.60 N/A N/A

i 50 30.76 33.90 N/A 13.03 N/A 56.16 33.95 N/A N/A
Mean 26.93 35.30 10.10 12.84 27.22 48.86 34.66 10.32 34.63

STD 2.30 2.53 1.04 4.56 1.53 10.63 '5.00 1.17 2.42

cv 8.53 7.15 10.29 35.49 5.62 21.77 14.41 11.34 7.00

l1mi=1.61 km




Table 58. Strain value in unbonded layers under drive and
tandem axles, intermediate load level, tire pressure
of 100 psi (690 kPa), thin section.

Truck )
Speed CABH-20 CABH-20 CABH-20

(mi/h) DRV TAN1 TAN2

20 72.50 65.25 60.17
20 59.15 73.20 48.45
20 59.96 73.51 60.10
20 81.67 73.65 63.60

Mean 68.32 71.40 58.08
STD 9.35 3.56 5.74
cv 13.69 4.98 9.88

35 81.05 47.25 - 91.22
35 81.49 §5.65 93.03
35 87.25 $0.80 87.19
35 81.45 66.95 90.45

Mean 82.81 55.16 90.47
STD 2.57 7.43 2.11
cv 3.10 13.47 2.33

50 49.75 31.37 79.31
50 35.69 28.08 65.15
50 35.38 29.53 64.77
50 50.05 31.20 64.50

Mean 42.72 30.04 68.43
STD 7.18 1.34 6.28
cv 16.82 4.48 9.18

lmi=1.61 km
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EFFECTS OF TEST VARIABLES ON THE RESPONSE OF SOIL STRAIN GAUGES

As discussed earlier, very few soil strain gauges survived the
installation and construction process. The collected data are scattered and
do not support any recommendations or conclusions with respect to the
performance of these gauges. In general, the new concept soil strain gauges
require major improvements before they can be used in full-scale testing

facilities.

ANALYSIS OF DEFLECTION DATA

Three types of deflection-measuring devices were selected for the field-

testing experiment:

® Single-layer deflectometer with Hall effect sensor.
¢ Single-layer deflectometer with inductive displacement sensor.

® Multidepth deflectometer with Hall effect sensor.

The analyses of the data from the two single-layer deflectometers are
combined, while the analysis of the MDD data is discussed separately.

SURVIVABILITY

Two types of single-layer deflectometers were installed at each section:
one with the Hall effect sensor and one with the inductive displacement
sensor. All SLD’s were attached to the top of the asphalt concrete layer and
measured surface deflections. The SLD with the Hall effect sensor in the
thick section was unoperational after the installation and construction
process. Considering that both SLD’s were using the new measuring concepts,

their survivability was good.
REPEATABILITY

The repeatability data of the SLD’s are shown in tables 59, 60, and 61
for both thick and thin sections. The full data for all gauges are shown in
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Table 59. Summary of the means, standard deviations, and coefficients of variation for the
single-layer deflectometer with inductive displacement sensor, thick section.

Standard Coefficients of
Axle Type Axle Load (kips) Speed (mi/h) Mean Deviation Variation (X)

Single Drive Axle 18,000 20 5.53 0.56 10.07
35 4.30 1.16 27.03

50 5.32 2.09 ‘ 39.38

Tandem Axle 41,000 20 5.73 0.23 4,05
(Rear Axle) 35 4.37 1.01 23.18
: 50 5.20 1.70 32.67

Single Drive Axle 13,000 20 5.15 1.37 1 26.55
35 3.37 1.17 34.61

50 5.85 1.20 20.45

Tandem Axle ‘ 23,000 20 5.84 0.13 2.16
(Rear Axle) 35 1.41 0.11 7.65
50 6.38 1.33 20.92

Single Drive Axle 8,000 20 1.52 0.17 11.01
35 1.82 0.64 34.99

50 2.85 0.26 - 9.14

Tandem Axle , 9,000 20 0.52 0.08 15.02
(Rear Axle) 35 0.97 0.15 15.33
50 0.71 0.23 32.22

lmi=1.61 km
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Table 60. Summary of the means, standard deviations, and coefficients of variation for the

single-layer deflectometer with Hall effect sensor, thin section.

Standard Coefficients of
Axle Type Axle Load (kips) Speed (mi/h) Mean Deviation Variation (%)

Single Drive Axle 13,000 .20 4.55 0.09 2.03

35 5.09 0.36 7.13
Tandem Axle 23,000 20 4.26 0.14 3.33
(Rear Axle) 35 4.61 0.20 4.34
Single Drive Axle 8,000 20 3.34 0.02 0.67 -

35 3.51 0.23 6.52
Tandem Axle 9,000 20 3.28 1.35 40,99
(Rear Axle) 4 35 1.92 0.14 7.47

1l mi=1.61 km
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appendix-F of volume II. The data indicate that the majority of COV values
for the inductive displacement SLD on the thick section are more than 15
percent, and some of these are as high as 39 percent. The COV values for the
SLD’s on the thin.section are in general less than 10 percent for the Hall
effect sensor and somewhat more variable for the inductive displacement sensor
(see table 61). In general, the repeatability of the SLD’s on the thick
section was poor, and the repeatability of the Hall effect SLD on the thin
section is good. The repeatability of the inductive displacement SLD on the

thin section was poor.
EFFECT OF TEST VARIABLES ON THE RESPONSE OF SLD

By examining the data in appendix F of volume II, it is obvious that the
effect of tire pressure on the response of SLD’s is negligible. The effect of
axle load and speed on the response of SLD’s can be investigated by examining
the data in tables 59, 60, and 61. The effect of load is significant;
however, the change in the measured deflection on the thick section (table 59)

did not coincide well with the change in the magnitude of axle load. For..
example, the change in the deflection was on the order of 8 percent for a
change in the single drive axle load of 27 percent, while the change in the
deflection was in the order of 70 percent for a change in the single drive
axle load of 55 percent. This inconsistency was also shown under the tandem
axle load. The changes in the deflections on the thin section (tables 60 and
61) coincide closely with the changes in the axle load magnitudes. One major
inconsistency in the inductive displacement SLD data is that the gauge
measured the same magnitude of deflections on the thick and thin section for
similar axle loads (tables 59 and 61). This indicates that there are some
serious problems with the inductive displacement SLD. The effect of speed on
the measured deflections can also be investigated by examining the data in
tables 59, 60, and 61. The data showed highly inconsistent relationships

between the measured deflection and vehicle speed.
UNCERTAINTY

The same approach used in the uncertainty study of strain gauges was

used in this analysis. The researchers calculated a range of theoretical
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deflections based on the variations in the various factors affecting the
deflection response of the pavement (see chapter 3). The deflection data are
plotted in figures 64, 65, and 66 for thick and thin sections. The figures
show that there is not a good agreement between the measured and calculated
surface deflections. However, the differences are not great, which is

somewhat encouraging for the first application of these new concepts.
ANALYSIS OF MDD DATA

The modified MDD gauges were installed in section 9 of the Texas A&M
Experiment Pavement test section. This pavement consists of 5 in (127 mm) of
asphaltic concrete over an 8-in (203-mm) crushed limestone base. The MDD

system was anchored at a constant depth as shown in figure 50.

Testing of the sensors was accomplished by a falling weight
deflectometer and fully loaded dump truck. The FWD loading time was
approximately 0.03 s; whereas the truck was traveling at creep speed with an
axle loading time of approximately 3 s. Due to exposed wiring, neither the.
FWD nor the truck could be placed directly over the test hole. The FWD test
plate was placed near the MDD hole so that the distance from the plate edge to
center of MDD hole was 2.5 in (64 mm). In the truck test, the edge of the
truck tire was approximately 4 to 6 in (102 to 152 mm) from the MDD hole.

During each test, data from both sensors were recorded simultaneously.
The LVDT sensors were logged by computer; the Hall effect signals were

captured on digital oscilloscope.

Figures 67 and 68 show typical raw deflection traces for the FWD and
truck loads, respectively. The traces appear similar in overall shape;
however, the main difference is that the Hall effect channel (6 in [152 mm]
deep) has significantly more noise than the LVDT (13 in [330 mm] deep).
Efforts described below were undertaken to identify the frequency of the noise
and to eliminate it from the signal. The source of the noise was not
determined. It was thought to be from the sensor rather than from the

amplification system, which had been tested in the laboratory.
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Figure 64. Comparison of measured and calculated surface deflection from the
inductive displacement SLD, thick section.

46




L1

A o Single Axle

A Tandem Axle
6 1 e— — —Single Axle Range
.———-‘—Tandem Axle Range
6 -
O]
E
z 47
o
-
D 3-
-l
(1R
w
o
w 2
O
m
51
o
0 T T T T
5 10 15 20 25

AXLE LOAD (k)

Figure 65. Comparison of measured and calculated surface deflection from the
' Hall effect SLD, thin section.
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Figure 66. Comparison of measured and calculated surface deflection from the

inductive displacement SLD, thin section.
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To investigate the frequency of the noise and to remove it from the
signal, the FILTRUCK program developed by TTI was used. This program does a
spectral analysis of the input signal, permits the user to select a low-pass
frequency level, and rebuilds the signal with the high frequencies removed.
The frequency spectra obtained by performing a Fast Fourier Transform on the

Hall effect signals under truck loadings are shown in figure 69.

For the slow-moving truck, the relevant frequencies are in the 0- to 5-
Hz range; the major noise on the truck signal is clearly shown at
approximately 41 Hz. A similar spectral analysis was made of the Hall effect
deflection response under FWD loading. The analysis shown in figure 70
indicated significant noise at approximately 53, 115, and 315 Hz. This.
presented a problem in setting a low-pass cut-off frequency for the FWD as the
deflection signal itself is in the range of 0 to 50 Hz. In this analysis, the
low-pass frequency was set at 50 Hz for the FWD and at 20 Hz for the truck.
The filtered data are shown in figure 71. The truck plots are very smooth and
similar to those measured with the LVDT. The FWD traces are significantly

improved but still retain a minor low-frequency ripple in the base line.

To evaluate the repeatability of the Hall effect sensor, five identical
drops were made with the FWD, and the resulting loads and measured deflections
are shown in table 62. The LVDT peaks were extracted from the raw deflection

signal; the Hall effect peaks were obtained after applying a 50-Hz, low-pass
filter.

Both the LVDT and Hall effect sensors were highly repeatable; the
coefficients of variation were less than 1 percent and of the same order of

magnitude as the variation in FWD load impulse.

The Hall effect sensor can be used effectively as part of a multidepth

deflectometer system. Its repeatability is similar to that measured with a

typical LVDT. However, to achieve satisfactory performance, it is necessary
to: '

® Amplify the output signal from the Hall effect sensor.

® Use software filters to remove high-frequency noise from the signal.
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Figure 69. Power spectral analysis displaying the frequency components of the
Hall effect sensors displacement output under truck loading.
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Figure 70. Power spectral analysis displaying the frequency components of the
Hall effect sensors displacement output under FWD loading.
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Table 62. Repeatability assessments of sensors.

FWD Maximum Deflection (mils)
Max. Surface 'Hall Effect LVDT
Load Deflection (6 in below) (13 in below
(1b) (mils) surface) surface)
14,690 17.53 12.26 10.32
14,663 17.50 12.36 10.27
14,682 17.61 12.48 " 10.34
14,528 17.33 12.27 10.20
14,722 17.60 12.42 10.36
Mean 14,652 17.51 12.36 10.30
Standard 75.2 0.133 0.0950 0.0642
Deviation
Coefficients of .51 77 .77 .62

Variation (%)

11b=4.5N
1l in = 2.54 mm
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1f édditional work is to be done in this area, it is recommeﬁded that
additional magnets be used in the MDD module. The current system uses only
two magnets, and the zero position output voltage is a function of the torsion
rotation of the center core road. It is important to have the center core rod
in the same exact location for testing as that used while calibrating. It is
proposed that a four-magnet system may establish a more uniform magnetic field

and therefore eliminate this problem.

Furthermore, the linear range on the device is very limited + 0.05 in
[+ 1.27 mm]). This means it is critical that the user have access to re-zero
the device should permanent deformation occur. Also, little is known about
durability. The system was installed in the TTI test pavement for 1 month
without any problems; the influence of wet/dry and hot/cold cycling was not

evaluated in this field test.
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8. SUMMARY AND RECOMMENDATIONS

This research project encompasses various aspects of in situ pavement
instrumentation and the evaluation of materials properties from in situ
pavement responses. The research program was divided into two phases. In the
first phase, an extensive literature search was conducted to identify the
existing instrumentation, select the most promising types of instrumentation,
and conduct a field testing program to evaiuate the gauges under actual
traffic loading. In the second phase, new ideas of pavement instrumentation
were investigated, prototype gauges were built and evaluated under laboratory
conditions, and a field testing program was conducted to evaluate the gauges

under actual traffic loading.

The pavement instrumentation investigated included gauges that measure
strain in bonded and unbonded layers, stresses within the unbonded layers, and
vertical deflections throughout the pavement structure. Instrumentation for
temperature, moisture, and vehicle location was investigated. The field
testing programs consisted of the design and construction of pavement sections
and the installation of gauges throughout the test sections. Two pavement
sections were constructed (thick and thin), and replicate gauges were randomly
distributed throughout the 50-ft (15.25-m) long sections. A tractor-
semitrailer was used to load the test sections under three levels of axle
load, two levels of tire pressure, and three vehicle speeds. To ensure the
statistical validity of the experimental program, four replicate measurements
were collected for each combination of test variables. Finally, the data
analysis consisted of the evaluation of the survivability of the gauges, the
repeatability of the measurements, the effects of the test variables, and the

uncertainty of the measurements.

In the second phase of research, a laboratory testing progfam was
conducted in addition to the field testing program. The new instrumentation
ideas were tested in the laboratory to evaluate the response of the gauges
under dynamic loading and to develop the appropriate calibration factors to be
used in the field testing program. Based on these research findings, the

following recommendations are proposed.
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FIELD EVALUATION OF EXISTING GAUGES

EXISTING GAUGES TO MEASURE STRAINS IN THE ASPHALT CONCRETE LAYER

The following strain gauges were installed ﬂn the asphalt concrete:
Dynatest gauge, Kyowa gauge, Alberta Research Cou%cil gauge, and the
instrumented core gauge. The survivability rate ?f all types of gauges was in '
excess of 70 percent, which is better than the SO;percent'that is expected in
such a full-scale installation. Based on the sur%ivability data generated in
the research, it can be concluded that constructi%n activities represent the
most critical stage in the life of pavement straib gauges. In general, the

majority of gauge losses occurred during construction.

Based on the COV values (ratio of standard deviation to the mean), all
gauges exhibited good-to-excellent within-gauge repeatability except for the

ARC and core gauges under the empty load level.

The effects of the test variables on the mehsurement of asphalt concrete
strain gauges can be summarized as follows: The effect of tire pressure on
the measured strain at the bottom of the asphalt concrete layer is
insignificant. The effect of vehicle speed is highly significant; a reduction
on the order of 50 to 70 percent in the measured strains was observed as a

function of increasing the vehicle speed from 20 to 50 mi/h (32 to 80 km/h).

The uncertainty analysis consisted of comparing the measured strains
with the calculated values from the multilayer elastic solution. The data
indicated that the measured strains are comparable to the calculated strains
except for the ARC gauge, which is always measuring higher strains than the

calculated values.

Finally, a regression analysis was conducted in which the response of
the individual gauges was considered the dependent variable and the overall
mean of all types of gauges was considered the independent variable. Based on
the regression analyses, the performances of the Kyowa and Dynatest gauges
were very good, while the core gauges performed somewhat inconsistently. The

use of epoxy to glue the gauges to the cores may have been the major
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contributor to the poor performance of the core gauges as compared to the
other gauges. Another major contributor to the difference in the performance
of thé core gauges is that the retrofitted core is not an integral part of the
pavement. However, it is expected that the performance of the core gauges
will be greatly improved if an appropriate calibration procedure can be
developed to take into consideration the effect of the epoxy on their

response.
EXISTING GAUGES TO MEASURE STRAINS IN THE SUBGRADE LAYER

LVDT-type soil strain gauges were installed at various depths within the
subgrade layer of both sections. The survivability of the soil strain gauges
was very good; a 75-percent survival rate was attained after construction and
testing. The repeatability of the LVDT soil strain gauges was good with the
majority of the COV values close to 10 percent. The axle load level produced
tﬁe most significant effect on the measured strains within the subgrade as
compared to the effects of tire pressure and vehicle speed. Good agreement
was obtained at the heavy axle load level between the measured and the
calculated strains. In general, the LVDT-type soil strain gauge is a durable

and repeatable instrument, and its measurements are reliable.
EXISTING GAUGES TO MEASURE STRESS

Two diaphragm-type pressure cells were installed in the thin section at
the interface of the asphalt concrete layer and the crushed aggregate base. A
survivability rate of 50 percent was achieved. The data reveal that all COV
values are below 10 percent, indicating good repeatability. Again, the load
was the only test variable that imparted a significant effect on the

measurement of pressure gauges. The comparison of the measured and the

.calculated stresses indicated a good agreement only at the low axle load

level.

EXISTING GAUGES TO MEASURE DEFLECTIONA

Three types of deflection-measuring devices were selected for the field

testing experiment: geophones, single-layer deflectometer, and multidepth
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deflectometer. The survivability of all three types of deflection gauges was
very good (70- to 100-percent survival rate). The repeatability of the
geophones was extremely low. The only test condition under which the
geophones displayed good repeatability was the FWD loading. The geophone data
collected under truck loading had COV values on the order of 25 to 45 percent.
Therefore, it is obvious that the 10-Hz geophones are not sensitive enough for
this kind of application. The use of the 10-Hz geophones for the measurement
of pavement deflection is not recommended except when test conditions include
a combination of heavy loads, high speeds, and thin pavement. The data
2ollected from the SLD and MDD indicated very good repeatability with the
majority of the COV values below 5 percent.

The effect of speed on SLD measurement differs from the single drive
axle to the tandem axles. In the case of the drive axle, the effect of speed
was pronounced between 20 and 35 mi/h (32 and 56 km/h); in the case of the
tandem axle, the effect of speed was pronounced between 35 and 50 mi/h (56 and
80 km/h). The MDD data indicated that the effects of vehicle speed and tire
pressure on the deflection at various depths are insignificant. However, this
contradicts the findings of the strain data; this contradiction is suspecﬁed
to be caused by the existence of the installation hole of the MDD device
throughout the pavement depth, which provides free drainage for the water
within the base and subgrade layers. As a result, the dynamic pore water
pressure in the vicinity of the hole is greatly reduced and remains constant,

independent of the loading speed.
The uncertainty of the SLD and MDD measurements was very small. Both

devices measured data close to the calculated responses from the multilayer

elastic solution.

EVALUATION OF IN SITU RESILIENT MODULI FROM SENSOR DATA

Based on an appraisal of the backcalculated moduli from the various

analyses, the following conclusions and recommendations can be made.

The installation of instrumentation throughout the pavement structure,

such as strain gauges or MDD's, will greatly enhance the capability of the
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analysis .to predict more realistic in situ material properties. This is
supported by the comparison of backcalculated moduli from FWD sensors alone
and the backcalculated moduli from FWD and MDD sensors simultaneously. The
latter analysis was capable of identifying a 1-ft (.305-m) thick weak layer on
top of subgrade; this result was further confirmed by the strain analyses.
The backcalculated moduli of all of the pavement layers are
significantly affected by the mode of loading (i.e., FWD or truck). In the
case of truck loading, the speed has a significant effect on the strain-based
backcalculated moduli of the asphalt concrete layer. The modulus of the
asphalt concrete layer was reduced by 50 percent as a result of reducing the
speed from 50 to 20 mi/h (80 to 32 km/h). The effect of truck speed on the

granular and subgrade layers was insignificant.

The effect of the'magnitude of the axle load on the backcalculation
moduli of all of the pavement layers was insignificant. This observation

indicates that the effect of the material’'s nonlinearity is very small.

The effect of truck speed on the MDD-based backcalculated moduli of the
asphalt concrete was insignificant. This contradicts the data from the

strain-based backcalculated moduli.

The combined analysis of strain and MDD data indicated that the speed
has a significant effect on the modulus of the asphalt concrete layer. The
backcalculated moduli from these combined analyses have high merit since they
satisfy two independently measured pavement response parameters (strains and
depth deflections).

INVESTIGATION OF NEW INSTRUMENTATION IDEAS

The investigation of new instrumentation covered two major groups:
gauges currently used in portland cement concrete and entirely new
instrumentation ideas. Each of the gauges within both groups was evaluated in
terms of principles of measurement, cost, availability, operating temperature,

moisture effects, linearity, and applications.
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The Carlson gauge and the TML embedment gauge were investigated within
the first group; the Hall effect sensor, the piezoelectric film, and the
inductive displacement transducer were investigated within the second group.
Based on this evaluation, the Carlson gauge, the TML gauge, the Hall effect
sensor, and the inductive displacement transducer were recommended for further
testing under laboratory and field conditions. The research has uncovered
several serious problems with the piezoelectric film with regard to pavement
instrumentation applications. Therefore, it was recommended that no further

investigations or evaluations of piezoelectric film be conducted.
LABORATORY TESTING OF NEW INSTRUMENTATION

The gauges from the portland cement concrete category were subjected
only to a single laboratory testing to determine their modulus of elasticity
in the direction of the applied strain. The gauges under the new
instrumentation concepts category were subjected to several laboratory tests

in order to evaluate the various characteristics of the new gauges.

The modulus of elasticity of the TML gauges was around 250,000 psi
(1,725 MPa), which is well within the range of the asphalt concrete modulus at
normal pavement temperatures. The modulus of elasticity of the Carlson gauge

was not measured because of the undefined cross-sectional area of the gauge.

The laboratory evaluation of the Hall effect sensor consisted of the

following tests:

® Effect of temperature (construction and inservice).
® Dynamic characteristics (sinusoidal and pulse).
® Modulus of elasticity.

® Effect of bending.

The Hall effect sensor performed excellently in all of the tests, which
warrants the development of strain gauges and deflection-measuring devices
using the Hall effect sensor for field evaluation. Furthermore, the Hall

effect sensor was used in the MDD device and evaluated under FWD loading.
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FIELD EVALUATION OF NEW INSTRUMENTATION

NEW GAUGES TO MEASURE STRAINS IN THE ASPHALT CONCRETE LAYER

Based on the laboratory evaluation of new instrumentation, it was
recommended that the Hall effect sensor, the TML embedment gauge, and the PML
gauge be included in a field evaluation program. In addition, the Kyowa
gauges were installed as reference gauges since they performed extremely well
in the first phase. The survivability rate of all types of gauges was in

excess of 75 percent except for the TML type of strain gauge.

Based on the COV, all gauges exhibited good-to-excellent within-gauge
repeatability. The majority of the COV values are in the range of 1 to 6
percent. |

- The effects of the test variables on the measurement of asphalt concrete
strain gauges manifested similar trends to the ones produced from the existing
gauges tested in the first phase. The majority of the data exhibited a linear
relationship between the strain and axle load. The measurements indicated
that the speed of the test vehicle has a significant effect on the measured

strains for all types of strain gauges.

The uncertainty of the measured strains was also evaluated. In this
phase, the dynamic loads were measured by a portable WIM unit. Therefore, the
range of measured dynamic loads was used in conjunction with the variation in
asphalt concrete thickness and in situ moduli to generate a range of
calculated strain response. The measured strains varied around the range of
calculated strains. Less agreement was observed between the measured and
calculated strains in phase II as compared to the data in phase I. However,
this could be expected since most of the gauges tested in phase II represented

new instrumentation ideas.

NEW GAUGES TO MEASURE STRAINS IN UNBONDED LAYERS

In general, the application of new instrumentation ideas in the crushed

aggregate base course and subgrade layers was unsuccessful. The Hall effect
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sensor, Carlson gauge, and TML soil strain gauge were installed into the base
and subgrade layers. The survivability rate of the base and subgrade strain
gauges was very low, which indicates that some major improvements must be made
in the design and installation procedures of these new concept soil strain
gauges. The repeatability of the survived soil strain gauges was good, with
the majority of the COV values below 10 percent.

NEW GAUGES TO MEASURE DEFLECTION

The new deflection gauges consisted of an SLD with a Hall effect sensor,
an SLD with an inductive displacement sensor, and an MDD with a Hall effect
sensor. The survivability of all three types of new deflection gauges was
very good. Only one Hall effect SLD (out of a total of three units) 