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Executive Summary

Project Summary

The first phase of this project was focused on developing and implementing an
instrumentation plan for a section of a hot mix asphalt (HMA) perpetual pavement
located within the north leg of the Marquette Interchange project. The main
objectives of this project as a whole are to instrument a pavement to acquire the
necessary data to provide information necessary for a comprehensive
mechanistic-empirical pavement appraisal. The information generated from this

project will help calibrate certain design factors to account for local conditions.

Background
Pavement design practices have relied on concepts generated years ago in tests
conducted by AASHTO and other agencies. These design practices are
currently being transitioned from the largely empirical based design methods to
those that are based heavily on mechanics of materials with some empirical
elements still residing within. This transition in design practices requires careful
consideration of the variables which are sensitive to location, traffic patterns, and
environment of the regional area.

In April 2005 a proposal to instrument a HMA perpetual pavement was
submitted to the Wisconsin Highway Research Program and subsequently

awarded to the Transportation Research Center at Marquette University.



Process

This specific phase of the project was carried out in multiple tasks. A detailed
implementation plan was generated to supplement the general plan laid out in
the original proposal. Within this detailed plan, specific brands and models of
sensors were selected based upon detailed literature reviews, direct
communication with members of the engineering community, and also through
some experimental procedures. This process helped to develop a list of the
equipment that was best suited for the job and budget. Alternative equipment
plans were also developed to suit any changes in design of the Marquette
Interchange project that may have occurred over the duration before installation.
The proposed sensor list included asphalt strain gauges, earth pressure cells,
moisture probes, temperature sensors, a wheel wander grid, a weigh-in-motion
system, various environmental sensors, and data collection/transmission/storage
devices.

Another important aspect the project was the proposed location of the test
section. The test section needed to provide clear traffic flow with little weaving
and other interruptions while still acting as a representative segment of
pavement. The location also needed to provide for other needs such as
electrical power and accessibility.

Once the detailed implementation plan was generated and approved, the
installation procedures needed to integrated into the scheduling requirements of
the other construction activities on the north leg project. This required

communicating with the various construction contractors to make those involved
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on the construction project aware of activities of this research project. The
project was closely monitored and frequently visited so the installation of the
equipment could go as planned without disrupting the activities of the other
construction crews. Additionally it was important to monitor construction crews
and inform them as needed to protect the sensitive equipment from damage.

The physical installation of the sensors in the pavement structure was a
very critical step in the whole project. The dynamic pavement sensors (asphalt
strain gauges, earth pressure cells, etc.) are the main focus of the research, and
a large number of sensors not surviving the installation could have compromised
the entire project. Engineering ingenuity and careful practices, taking note to
follow manufacturers’ warnings and recommendations when available, were used
to ensure a good sensor survival rate.

A great deal of time was also spent setting up the equipment used to read
the numerous sensors. This included careful calibration of many sensors used in
the project and also the software needed to read, monitor, and manage the

system.

Findings

Because of the careful planning and cooperation with the contractors the
installation of the pavement sensors was a success. Immediately after paving,
only one strain sensor was not responding completely while another was
producing an excessively noisy signal, but still operational. All other strain
gauges and earth pressure cells were operational. Up to the time of the

publication of this report, data collection is underway of the traffic data and being
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stored on the project database. The second phase of this project, which is in

progress, will provide the necessary means of data distribution and data analysis.

Recommendations

While no explicit recommendations regarding expected perpetual pavement
performance are yet available, this research is expected to provide the
engineering community with a wealth of high quality data that is the most
complete and thorough set known to exist at this time. Implicit recommendations
can found throughout this report from the proper selection of sensors, test
section location, and overall guidelines for the implementation of other such
projects that may be similar in part, or in whole, to this project. It is hoped that

this report can make itself useful for others doing similar work in the future.
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Chapter 1 - Literature Review

This report has been submitted for fulfillment of task 5 in the original research
proposal submitted to the Wisconsin Highway Research Program for the
Marquette Interchange Instrumentation Project. The report covers all of the work
done for this project covering preliminary literature review, field instrumentation
plan, the procedures for installation of the individual instruments and system
components, and finally the system demonstration.

In fulfillment of Task 1 in the original proposal, a literature review of past
research in this particular area of study was conducted to help mold the
instrumentation and data acquisition plan. Review of past literature gave insight
to what ideas have worked and provided the most valuable information. The
research may have been limited due to the current technology at the time or
unforeseen troubles. Tailoring this research to the past also makes the new
research somewhat comparable to the past. The two main research
projects/programs that have been under scrutiny are the MNROAD study and

NCAT test track.

1.1 MNROAD Study(1 - 8)

The MnROAD program was sponsored by the Minnesota Department of
Transportation and carried out by researchers at the University of Minnesota.
The program involved studying both a test track for controlled loading and also a
portion of Interstate 94 for loading under real conditions. The focus of the project
was very broad and covered many aspects of pavement and highway design. Of
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interest to this research was the work done towards understanding the structural
response of different flexible pavements. Some outcomes of the project included
calibrating pavement models to the local conditions in the region thus improving
the accuracy of their pavement design procedures. The work done also helped
to shape a mechanistic-empirical design process.

To measure the structural response of both PCC and HMA pavements,
over 4,500 sensors were installed into the pavement structures. Of these 1,151
of them were used to dynamically measure pavement response. Amongst the
numerous sensors were asphalt strain gauges and earth pressure cells. These
two sensor types were the main resource for acquiring the dynamic load
response of the pavements. Many of the other sensors used were focused
primarily for acquiring information regarding the environmental conditions and
conditions for the supporting layers below the asphalt.

The strain sensors were arranged in groups of three spanning across a
wheel-path. Some were placed to measure strain transversely to traffic while
others were placed to measure longitudinally (in the direction of traffic), although
no implications were given which orientation was used and why. Previous pilot
studies had been carried out but mainly focused on the type of instruments to
utilize and not necessarily with the location and arrangement patterns.

Optim Electronics MEGADAC data acquisition systems were used to
collect the data coming from the instruments. Acquisition was done at set time

intervals and not necessarily taken continuously.



Researchers did note during the project that numerous sensors eventually
failed, crippling the effort. They also reported that they needed more data
consisting of more axle configurations to use in creating and calibrating models.
Work is ongoing at the MNROAD project site, but research regarding structural

response has subsided.

1.2 NCAT(9 - 17)

The National Center for Asphalt Technology (NCAT) at Auburn University
test track was started in 2000 and has continued today to be a source of
excellent research concerning asphalt technology. The track consists of forty-
five flexible pavement test sections, each 200 feet long, and is constantly being
loaded by controlled semi-trucks. The trucks have been purchased for the sole
purpose of applying load repetitions to the pavement and are driven on for
eighteen hours a day, making the test track an accelerated performance testing
facility (consuming 10 to 15 years of design life in 2 years). Within the numerous
test sections are a huge variety of different research activities.

In 2004 eight sections of the NCAT test track were devoted to installing
sensors for measuring dynamic pavement responses. The eight sections
selected were constructed of asphalt with varying structures and asphalt mix
designs. Many CTL brand asphalt strain gauges were installed as the primary
source of data for pavement analysis. Along with these a handful of earth

pressure cells (of two different types), vertical compression gauges, soil moisture



(TDR) probes, and temperature probes were installed to provide supplemental,
but important data.

The installation of the sensors was a success with only a few gauges not
surviving installation. Low speed data was recorded for the environmental
sensors such as temperature and soil moisture. The strain sensors and earth
pressure cells were recorded at high speed under trafficking from the calibrated
test vehicles. The data was analyzed in a piecewise manner; taking the
information that was considered most crucial.

The information taken from the study was used to calibrate the pavement
design processes to the local variables. The stated objectives of this particular
research were to validate mechanistic pavement models, develop transfer
functions for typical asphalt mixtures and pavement cross-sections, study the
dynamic effects on pavement deterioration, and to evaluate the effect of layer

thickness and polymer modification on structural performance.



Chapter 2 - Field Instrumentation Plan

2.1 Problem Statement

This pavement instrumentation plan was developed to provide pavement
response data necessary for a detailed assessment of stress and strain induced
by traffic and environmental loadings and to provide information needed to
validate fatigue models used for the design of long-life pavement systems.
During the Spring/Summer of 2006, HMA perpetual pavements will be placed
along the North Leg of the Marquette Interchange reconstruction project. This
project offers a significant opportunity to examine the in-service performance of a
high profile, highly-trafficked HMA perpetual pavement and has the potential to
provide benchmark performance data that can be used to validate pavement
design models and help ensure the most cost-effective usage of pavement
materials.

The Marquette University Transportation Research Center (MU-TRC)
research team has reviewed numerous published research reports and
manufacturers literature relevant to the design, installation, operation,
maintenance and costs of pavement sensors and data collection/transmission
equipment. Research reports from the MNROAD study (1 - 8), the Virginia
SmartRoad (18) and the NCAT test track (9 - 17) provided significant
contributions to this study. Additional research papers presented at the
Transportation Research Board and personal communications with various
authors also provided significant input to this process. Construction plans for the

North Leg pavements have been reviewed to identify opportunities/constraints for
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integrating pavement sensors and related recordation equipment into the defined
project limits. The results of these reviews have been synthesized into this plan

for the instrumentation package that best satisfies project goals.

2.2 Instrumentation Location

The project plans for the North Leg pavements were reviewed in detail to identify
potential instrumentation locations. A number of meetings with the Marquette
Interchange construction team were also held to discuss the various
instrumentation scenarios. A paramount concern for locating the instrumentation
was to identify a project location with minimal ramp conflicts or other pavement
design details which might result in significant traffic wandering within the
instrumented lane. The selected location also needs to be in the vicinity of pull
boxes located along the project length to ensure that conduit lines planned for
installation as part of the interchange project would be available for use to
provide power and data transmission lines to the instrumentation location.

A review of the project plans provided a number of possible locations,
including the areas near Wisconsin Avenue, Brown Street and North Avenue.
The Brown Street and North Avenue locations were identified as the two
preferred locations due to their proximity to planned pull boxes and existing
communication vaults. The disadvantage of the Brown Street location, between
stations 404+00 and 406+00, is the presence of an auxiliary lane which serves
as the North Avenue exit ramp. This exit ramp may result in substantial traffic

wandering within the zone of instrumentation.



The North Avenue location, between stations 411+00 and 415+50,
represents a standard 3-lane pavement section where minimal lane wandering is
anticipated. This is the recommended installation location but there are some
limitations which bear noting. Between stations 411+00 and 413+00 the typical
proposed section includes a super elevated section with a surface cross-slope of
5.10%, reducing to approximately 0.80% by station 415+00. The preference
would be locate the instrumentation package in a section without significant
super elevation; however it is also desired to have an installation location which
is at least 200 feet from the end of construction to minimize construction
variances. Locating the sensors at station 413+50 would be preferred from this
criterion; however, the current project plans include traffic monitoring loops to be
installed at this location. As such, it is recommended that the installation
package be located between stations 413+50 and 414+00.

The proposed pavement section within these limits transitions from a
cross slope of 4.43% to 3.10%. The grass median between the mainline
pavement and the North Avenue exit ramp is approximately 70 feet wide in the
section with a grade changing from 7.95% to 9.30%. This available area should
allow for ease in locating the necessary roadside cabinet and supporting pad

without the need for protective barriers.

2.3 Asphalt Strain

The dynamic strain response at the bottom of the HMA layer under moving wheel
loads is commonly associated with the fatigue performance of the HMA layers, in

terms of bottom-up cracking. To capture these strains under all moving wheel



loads, asphalt strain sensors will be positioned with both longitudinal and
transverse orientations within the outer wheel path of the outer lane to allow for
the analysis of spatial variations in strain accumulations. Asphalt strain sensors
manufactured by CTL, Dynatest and Tokyo-Sakki were obtained and tested at
Marquette University to better understand the behavior and linearity of these
Sensors.

A single CTL asphalt strain sensor, model number ASG-152, was
purchased by Marquette University using internal funds. The ASG-152 is a 350
ohm, full bridge 6/6 nylon rod based sensor configured in an “H” shape. Minor
workmanship problems were noted (misaligned aluminum “wings”, skewed
threads), but the sensor appears to perform as advertised. The full bridge
configuration of the sensor eliminates the need for costly precision completion
resistors and provides a relatively large output voltage. The device is simple and
there is ample evidence from other researchers to assure us that it is rugged
enough for consideration provided caution is used when installing the sensor.
Customer support for this product was disappointing during our initial trials.
Documentation for the sensor, while present, was provided in a form that was not
readily useable. Support for installation, if needed, has been assured by CTL's
sales staff.

A single Dynatest FTC Il A (Past II-AC) strain sensor was obtained on
loan from the University of lllinois. The Past II-AC is a 120 ohm ¥4 bridge epoxy
fiberglass based sensor. The Dynatest sensor appears to be well constructed,

but this is based on a very superficial examination as the sensor is a coated,



sealed unit. Stated modulus is ~320,000 psi, so it is assumed that the
predominant material is fiberglass. The Dynatest gage is approx. 2/3 the
physical size of the CTL sensor, and lacks the vertical “wing” component present
in the CTL sensor. This may lead to a less positive “lock” in the asphalt
pavement, resulting in the sensor slipping in the pavement structure, thus
generating less strain for a given load. The 120 strain gage used in this sensor
will generate more heat/volt excitation than a 350 ohm gage, and the ¥ bridge
configuration requires the use of precision bridge completion resistors.

A single Tokyo Sokki KM-100HAS embedment sensor was obtained on
loan from the manufacturer. The KM-100HAS is a 350 ohm, full bridge
temperature compensated strain transducer. The sensor is designed around a
tube structure with a proprietary mechanism inside that deforms in response to
either a tensile or compressive load. The KM-100HAS sensor appears to be
well constructed; again, by superficial examination only. The sensor appears to
be a slightly modified version of a PCC embedment gage, and the physical
anchorage provided by the round (#2 rebar) lateral protrusions is, at this time,
guestionable.

Testing conducted at Marquette University indicates all sensors produce a
linear response to loading but it is not yet possible to ensure that these sensors
are providing precise measurements of strain. Marquette University recently
purchased a high resolution extensometer with a resolution of 10 microstrain

which will be used to verify the accuracy and precision of the strain sensors and



to provide data for verification/adjustment of the calibration factors provided by
sensor manufacturers.

It is recommended that strain sensors from both Dynatest and CTL be
incorporated into this instrumentation plan. Both sensors have a proven record
of performance but to date have not been used in tandem on any research
project to test the long-term survival of these sensors. It is further recommended
that 16 sensors be obtained from CTL and eight sensors from Dynatest. These
sensors will be configured in three replicate groups, each containing five sensors
positioned in the transverse direction and three in the longitudinal direction, as
shown in Figure 2-1. Transverse spacing between adjacent sensors within each
group is 2 feet while longitudinal spacing between sensors is 1 ft. Each sensor
group is spaced at a 7 ft midpoint spacing, resulting in a minimum spacing of 5 ft
between the nearest sensor within each adjacent group. All sensors will be
installed at the bottom of the HMA pavement during normal construction

operations.
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Figure 2-1 - Layout of the three strain gauge arrays, earth pressure cells, and pavement
temperature gradient probes.

It is recommended that each sensor group be pre-cast into a thin asphalt
stratum measuring 2 ft by 4 ft (plan) by 1 inch or less in thickness using
representative paving materials obtained from Payne & Dolan. This embedment
will be done by MU-TRC team members in a controlled laboratory environment to
ensure the placement orientations of each sensor. These pre-cast sections will
then be positioned in the field immediately prior to paving operations which will
limit the exposure and maximize the survivability of each sensor. During normal
paving operations, each strain sensor will be monitored by the data collection

equipment to provide a record of the pre- and post-paving output of each sensor.
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2.4 Subgrade and Base Course Pressure

The dynamic load-induced vertical pressures imposed within the base and
subgrade layers are related to the performance of these layers, in terms of rutting
potential, as well as to the fatigue performance HMA layer. It is recommended
that Geokon earth pressure cells be placed within both the compacted natural
subgrade and the constructed dense graded base layer along the centerline of
the outer wheel path of the outer driving lane. Subgrade pressure cells will be
positioned at a depth of approximately 3 inches below the top of the natural
subgrade in advance of select material placement. Base layer pressure plates
will be positioned approximately 2 inches below the top of the compacted dense
graded base layer (upper third-point) prior to the placement of the open graded
aggregate base materials. Pressure cells at each elevation will be positioned
longitudinally within 5 feet of the leading and trailing asphalt strain sensor groups.
Based on the typical proposed pavement section, the vertical stress
anticipated at the elevation of the base and subgrade layer pressure plates due
to the self-weight of the paving materials after construction is complete is
approximately 1.6 psi and 3.5 psi, respectively. Under severe loading,
represented by a 24,000 Ib single axle load with a tire inflation pressure of 125
psi, vertical pressures at the elevation of the base and subgrade pressure plates
may be expected to increase to approximately 8 psi and 5 psi, respectively. The
critical stress conditions for each pressure plate can be anticipated during
pavement layer construction when cover materials are minimized. Under these

loading conditions, vertical pressures at each elevation will tend towards the
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inflation pressure of the supply trucks which may be as high as 125 psi. To
survive these extreme conditions, it is recommended that the load range of each
selected pressure plate be extended to 218 psi, which is the nearest selectable

pressure range available which exceeds 125 psi.

2.5 Subgrade Moisture

The moisture level in the subgrade significantly affects pavement response and
performance, particularly for moisture sensitive subgrade materials which are
anticipated within the North Leg project limits. Even though moisture content
variations within the natural subgrade layer are not expected to change
significantly during the service life of embedded sensors, it is recommended that
moisture content readings be obtained at depths of approximately 3", 12" and 24"
below the top of the natural subgrade at two pavement locations coincident with
subgrade pressure measurements (See Figure 2-1). It is recommended that
moisture probes which provide an output voltage linearly correlated with soil
moisture be used to provide the best interface with data recordation equipment.
The ECH,0O EC-5 manufactured by Decagon is the recommended device of this
type which is capable of measuring volumetric moisture contents ranging from 0
to 100% in an operating environment ranging from -40 to 60°C. It is further
recommended that subgrade temperature measurements be obtained at
elevations and locations coincident with subgrade moisture measurements. The
ECH20-TE probe uses a surface-mount thermistor to provide temperature

measurements. Additional temperature probes supplied by ROMUS, Inc will be
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installed to provide alternate temperature measurements at depths coincident

with moisture probe elevations.

2.6 HMA Layer Temperature

A thorough mechanistic analysis of HMA pavements requires knowledge of the
HMA layer moduli variations due to daily and seasonal temperature changes. It
is anticipated that mix design data will be available to accurately describe the
dynamic modulus master curve for each constructed HMA layer. However, in-
place variations of HMA layer temperature must be recorded, or estimated based
on prevailing weather conditions, to allow for accurate fatigue modeling. Itis
recommended that a ROMUS multi-depth temperature probe be installed at two
pavement locations to obtain at HMA layer temperatures at 1 inch increments
below the pavement surface. Temperature probes will be installed immediately
prior to final surface layer paving and located along the centerline of the
shoulder, approximately five feet from the curb line (See Figure 2-1). Itis further
recommended that HMA surface temperature measurements be obtained with an
infrared probe mounted on a mast affixed to the roadside cabinet. The preferred
device for this measurement is the Omega 0S35-20-5V-250C-12V smart infrared
temperature sensor, which uses 20:1 optics and provides temperature

measurements ranging from -22 to 1832 °F.

2.7 Weather Conditions

The prevailing weather conditions, including ambient temperature, relative

humidity, wind speed, precipitation, and solar exposure play an important role in
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pavement performance and predictive equations used for estimating HMA layer
properties over time. A single, on-site weather station will be installed along the
west leg of the interchange project which can be used to provide comparative
values for this analysis. It is recommended that site specific environmental data,
including solar radiation, wind speed and ambient temperature be obtained to
more accurately record these critical environmental parameters and to allow for
both specific analysis as well as validation of virtual weather station models that
utilize nearby weather station data to predict site-specific environmental data.
Based on a review of available instrumentation that can easily be integrated with
the recommended data acquisition equipment, it is recommended that the NRG
110S temperature sensor with integrated radiation shield be used to obtain
ambient air temperature measurements. It is further recommended that the NRG
#40C 3-cup anemometer be used to obtain wind speed measurements. The
#40C is capable of measuring wind speeds from 2.2 to 240 mph with an
accuracy of 0.2 mph within the measurement range of 11 to 55 mph. It is also
recommended that solar radiation measurements be obtained with an Apogee
PYR-PAS5 pyranometer sensor. The PYR-PAS is designed for continuous
outdoor usage in an operating environment ranging from -40 to 131 °F. All
environmental sensors will be mast-mounted on the roadside cabinet which

houses the data acquisition and WIM system.

2.8 Axle Load Spectra

The intensity and variation of axle loadings over a specific pavement section

directly relates to the performance of that section. Weigh-in-motion and static
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scales have been installed at various locations in Wisconsin; however, none are
located close enough to the North Leg site to allow for accurate analysis of
pavement loadings over imbedded sensors. To overcome this limitation, ilt is
recommended that a quartz piezo-electric weigh-in-motion (WIM) system be
installed to provide axle weight data which meets or exceeds ASTM
specifications for Type | highway WIM systems. Quartz piezo-electric WIM
systems have been successfully used by the Texas DOT and have shown
excellent durability and stability. A WIM system of this type is the only feasible,
cost-effective alternative which can be directly integrated into the proposed HMA
pavement structure. It is recommended that the ECM Hestia WIM system
utilizing Kistler Lineas quartz piezo-electric sensors be obtained for this project.
The recommended ECM WIM system will be installed within the outer lane only
within 25 feet of the embedded strain sensors, as shown in Figure 2-2. The ECM
WIM system includes four Kistler Class 1 Lineas sensors and related recordation
equipment. Addition items that must be supplied include an inductive loop,
roadside cabinet and foundation, and 110 VAC with surge suppression. These
additional items will be provided via change order to the Marquette Interchange

construction contract.
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Figure 2-2 — Layout of the WIM and wheel wander systems.

2.9 Wheel Wander

The specific placement of wheel loads in relation to the wheel path centerline or
marked pavement edge is directly related to the fatigue performance of the
pavement. General models indicate a placement standard deviation of
approximately 10 inches may be appropriate. This general model, however, may
not be appropriate for the urban setting of the North Leg project and may not
allow for the accurate assessment of specific wheel loads on measured dynamic
responses. To overcome this deficiency, it is recommended that a piezo strip
grid be installed to accurately record the speed and location of each wheel load
that passes over the imbedded sensors. This grid will be directly connected to

the data acquisition system and will include two transverse piezo strips, each six
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feet in length, and one angled piezo strip, seven feet in length and spaced an
additional 3.8 feet (nominal) downstream from the perpendicular strips. All strips
will be positioned across the outer wheel path approximately five feet
downstream from the strain sensors, i.e., positioned between the downstream

asphalt strain sensors and the WIM system (See Figure 2-2).

2.10 Data Recordation

The pavement sensors recommended for this project can be segregated into
slow-speed and high-speed groupings. The slow speed data group includes
sensors which record environmental data, including air, pavement and subgrade
temperature, subgrade moisture, solar radiation and wind speed. This data will
be sampled at rates of 1 Hz or slower with average readings stored at 6 minute
increments. The high-speed data group includes all sensors related to wheel
loadings, including asphalt strain measurements, subgrade/base pressures, and
wheel wander. Sampling rates of 2 kHz will be used to monitor these sensors
with all readings stored in a data buffer. Wheel speed data, obtained by
processing of the wheel wander signals, will be used to identify data storage
“windows” that will be used to store complete traces from each strain and
pressure sensor. It is recommended that a National Instruments PXI-6123 S
Series Multi-Function data acquisition system be utilized for this project. The PXI
system provides for an aggregate of 16 million samples per second with user
customized data acquisition boards. The recommended system will include

sufficient inputs channels and appropriate data acquisition cards for all
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recommended sensors and will provide the flexibility needed to monitor, trigger

and store data consistent with the requirements of this project.

2.11 Remote Monitoring

It is expected that the products of this research will be of interest to a wide array
of pavement designers/researchers who will not have direct access to the project
site before, during or after construction. Furthermore, in-service site access may
be hampered by the physical constraints of the North Leg project site. To
overcome these obstacles, a remote monitoring system will be installed to collect
all sensor data via fiber optic lines installed between the roadside cabinet and the
WisDOT Traffic Operations Center (TOC). A CCD video camera will also be
installed at the instrumentation location to provide a visual record of
vehicles/pavement loadings to aid in subsequent analyses and/or data
presentations. Data will be transmitted from the TOC to resident computers
located at Marquette University via fiber optic or wireless links. The computers
recommended for this project include one Pentium 4 class desktop computer and
one general purpose Xeon tower server. The Xeon tower server will be equipped
with eight hot-swappable 400 GB hard drives. Based on a projected ADT of
approximately 150,000 during the initial years of trafficking, it is estimated that
approximately 1GB of data will be generated on a daily basis, representing
complete traces of all strain and pressure sensors resulting from each and every
applied axle loading. The recommended hard drive capacity of 3,200 GB will
provide ample storage/back-up space for the data which will be archived at

Marquette University and available for downloading by WisDOT and other
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interested researchers via web-based browsers. A real-time window view of all
installed sensors will also be available via the internet. This will provide
interested parties worldwide with an invaluable research and educational link to

this important project.

2.12 Field Installations

Upon approval of this field installation plan, the MU-TRC team will procure all
related equipment and will receive and catalogue all purchases at Marquette
University. Verification testing will be conducted on each obtained sensor to
ensure all equipment received is in proper working order. The research team will
coordinate all installation activities with the North Leg prime contractor and all
affected subcontractors to ensure that all project objectives are met without
disturbance to normal construction activities. All members of the MU-TRC team
will complete the necessary safety training to allow for site access, as needed,
during installations.

Imbedded sensors will be monitored during each installation and
construction phase to document each system response from as-delivered to
post-construction. This record will provide a valuable trace of each device that
will be useful in verifying the integrity of the final installed system and/or
troubleshooting any problems that may arise. All installation activities will be
documented through video and/or still photography and provided in an
installation report which will provide a valuable record for potential future

installations.
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proper depth within the slot. More grout was added as needed to fill the slot.
Any excess grout was struck off with a trowel, finished flush with the surrounding
pavement, and the grout was allowed to set and harden as shown on the left in

Figure 3-24.

Figure 3-24 - Left: All three wheel-wander sensors have been installed and the grout on the
final sensor is being leveled with the pavement surface before hardening. Right: All three
sensors installed with the tape removed. Note the pictures have been taken from opposite
sides.

While the grout was hardening, the other wheel-wander strips were
installed using the same process. The grout on the sensors required constant
attention during curing because the grout had the tendency to flow into any
cavity, such as over-cuts, due to its rather low viscosity. After the grout had
hardened (about fifteen to twenty minutes for the air temperature at the time of
installation) the tape was removed and the pavement cleaned of any grout that
may have spilled over. The finished sensors can be seen in the right photograph

in Figure 3-24. According to the manufacturer, the sensors could be opened to
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traffic in about forty-five to sixty minutes leaving plenty of time for the length of
the lane closure window. In the meantime the coaxial cables for the sensors
were pulled into the conduits and into the lower pull-box. The coaxial cables
were not quite long enough to reach into the cabinet and needed to be extended
as well as have BNC style connector bodies installed.

The wheel-wander cable ended up being fifteen to twenty feet short of
reaching into the cabinet. The BNC style connectors were crimped onto the
wires located into the lower pull-box. Extension cables were made in the lab that
were twenty feet long and each end of the cable received BNC connectors (it
should be noted that the WIM and the wheel-wander sensors do not used the
same style BNC connectors). The wheel-wander and extension cables were
then connected using a coaxial “barrel” (essentially a double-ended male section
that joins the two female connectors on the cables).

The connection was then coated in a layer of electrical tape followed by a
paint-on seal coat and another layer of tape. The cables were then pulled into
the cabinet and the spliced portion of the cable was pushed into the conduit

adding extra protection from the environment.

Weigh-In-Motion Sensors

The WIM sensors consist of four Kister Quartz piezo WIM sensors which
were pre-assembled in the lab beforehand. The pre-assembly consisted of
mechanically joining two sensors end-to-end into one unit, turning four individual
sensors into two units. All that was left to do in the field was to uncoil leads,

make electrical property checks, tighten leveling bars, and install into the
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pavement. The electrical property checks included measurements of the sensors
resistance and impedance and were measured using specialized tools on loan
from the manufacturer. The identification, serial number, location, and
orientation along with the measured electrical properties and temperature data
were all documented in the Kistler Warranty Protocol. Copies of these
documents were forwarded to the manufacturer as needed for the warranty.

After the channels had been chipped out, they needed to be cleaned and
dried. The slots for the WIM quartz piezo sensors require extra care when
preparing for installation. The pavement is required to be at a specified
temperature before installation can begin in order to satisfy the warranty
requirements set forth by the manufacturer. All of the channels were blown out
with compressed air and dried with heat provided by a propane brush burner. A
small amount of moisture was observed leaching out of the SMA layer,
potentially causing a problem for installation of the sensors. It was reasoned that
the recent wet weather and the porous nature of the SMA was to blame and the
installation of the sensors was delayed until the following evening.

A special heating assembly was placed over the strips to initiate the
heating process which is depicted in Figure 3-25. The heating assembly
consisted of a series of HVAC ducting and a kerosene force air heater. Round
sections of standard ducting from a home improvement store were bent to form a
half circle and connected with other pieces of ducting that all came together at
one junction. The forced air heater was then placed at this junction and blew hot

air through ducting and over the slots in the pavement.
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Figure 3-25 - The heating assembly was placed over the two slots cut for the WIM sensors.
Heat was supplied by a forced-air kerosene fueled heater (not pictured). The sections of
the assembly were sealed with aluminum ducting tape to minimize heat loss. Multiple

temperature probes were in place to accurately measure pavement temperatures.

Three holes were drilled near the proximity of each sensor channel as
dictated by the manufacturer’s warranty protocol. Temperature probes were
inserted into the holes and were monitored during initial heating and throughout
the majority of the installation process. The hoods for the heaters were placed
over the channels and the heat was turned on.

It would take almost three hours for the pavement to reach its required
temperature of 68° F (20° C). Once the pavement had reached the required
temperature for installation the temperature probes were removed and the data
acquisition halted. The sensors were installed one at a time and the heating
hoods where left running as long as possible and removed only to install and

grind the sensors. The key was to get the pavement warm enough along with
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the ambient air temperature near the sensor to speed up the cure time of the
grout. There is a recommended maximum temperature, but for the weather
conditions during the operation, it was unlikely to ever exceed it as exhaust
temperatures never rose above 100° F.

Once the heating hoods were moved out of the way, the sensors were
dry-fitted into the channels. No adjustments to the channels were needed as the
width of the channel was meticulously cut and the depth was the same as the
pavement layer thickness, making for easy removal of material. Duct tape was
placed around the perimeter of the channel to keep grout from getting on the
pavement, thus making for easy cleanup and final grinding. At the end of the
channel where the coaxial cable exited the sensor, pieces of foam were placed to
prevent the grout spilling into the conduits. It was important to not have too much
extra volume around the sensor itself because of the limited amount of grout
available for each sensor.

When the sensor was dry fitted and half of the foam inserted into the end,
the grout for the sensors was prepared. It is important that the grout be at a
warm temperature due to its thick consistency, otherwise it can be difficult to mix.
In this instance, the grout material, which is a mixture of a two-part epoxy and
fine sand, was stored in a vehicle with the heat turned on. To mix the grout, the
manufacturer recommends mixing the resin and sand first, blending well and
then adding the hardener last. The pot life of the grout at room temperatures is

only about fifteen minutes so it is important that the installations operations are
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done in a timely manner. To save time, the sand and resin can be pre-mixed
several minutes before the introduction of the hardener component.

Once the hardener and resin had been combined, the grout was mixed for
about five minutes or until well mixed. Half of the grout was poured into the
channel and was spread around evenly using disposable plastic trowels depicted
in Figure 3-26. Some of the grout was pushed up against the walls of the
pavement channel making a “V” shape which helps the grout get around the
sensor body and also works the grout into the pores of the asphalt surface. The
sensor was then carefully lowered into the pavement until the leveling beams sat
on the pavement surface. Immediately following, heavy pieces of steel were
placed on the leveling beams to keep the sensors from floating out of the grout
until it had cured. Plastic trowels were used to smooth out the surface of the
grout left between the pavement and the top of the sensor. Because of the
cohesive consistency of the grout getting a nice flat finish was difficult, especially
after it began setting up. Some parts of the grout were left high and would be

knocked down flat with the pavement during grinding.
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Figure 3-26 - Upper left: Channel for the WIM sensor ready for installation. Upper right:
Grout for the sensor being distributed into the channel. Lower left: Sensor in place with
pieces of steel placed across the leveling beams to keep sensor from floating out of the
grout. Touch up work to the grout was done before its initial set. Lower right: The
sensors were ground flush with the surrounding pavement and checked using an 18-inch
long straight edge.

Once the first sensor was installed and curing, heat was reapplied. The
second sensor was then prepared and the same process for installation was
repeated. Total installation time from removal of heating hoods to the
reapplication of heat was about one hour total for both sensors. Heating
continued for both as long as possible to achieve the full strength of the grout.
However, enough time had to be left to allow grinding the sensors flat, filling the
conduits’ voids with quick setting grout, and cleaning up. Heating continued for

one-and-a-half hours at which point the grout should have been very near full

92



strength based on a time-temperature maturity relationship provided by the
manufacturer.

Grinding consisted of using a belt sander fitted with an alumina zirconia
belt and an angle grinder with a general purpose grinding wheel to abrade away
excess grout. The angle grinder was used for large amounts of grout needing
removal, while the belt sander was used for the finish grinding. To check for
flatness, an eighteen inch aluminum straight-edge was placed across the sensor
(in the direction of traffic) at different locations. The pavement has to be perfectly
smooth across the sensor or else they will not produce consistent
measurements, thus degrading the accuracy of the WIM system.

During grinding, the ends of the sensor cable were protected and pulled
through the conduits and up into the cabinet. The ends of the sensor cable were
protected because it is very important that the sensor cable is not exposed to
moisture or other contaminants that can cause signal loss. The sensor cables
needed to have new BNC style connectors installed but this task was completed
at a later time as the cut-off time for work was approaching.

Once the grinding had been completed, holes in the pavement exposing
the conduits needed to be filled. Sealant was placed around the wire leads to
prevent grout from entering the conduit and the foam placed at the ends of the
sensors was also removed. Fast setting grout (leftover grout used for the wheel-
wander sensors) was then poured into the holes up to the level of the pavement
surface. Voids left in the pavement by over-cutting were also filled. Once the

grout was nearing its full strength, the pavement was cleaned up and the
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highway was reopened to traffic. The finished products (including the wheel

wander grid) are shown below in Figure 3-27.

Figure 3-27 — Test section opened to traffic with the wheel-wander and WIM sensors
installed (circled areas).

The WIM sensor cables were long enough to reach into the cabinet but
required new BNC connectors. The cables came with BNC connectors pre-
installed, but it was not possible to pull the cables through the conduits with the
connectors on so they had to be removed. The tools required to install the BNC
connectors onto the WIM sensor cable were provided in the tool kit on loan from
Kistler Instruments.

The charge amplifier for the WIM sensors was installed inside the cabinet
using a plastic spacer block and bolted the chassis of the cabinet. Each WIM
sensor strip is actually composed of two individual sensors with two separate
leads, the cables “tee” into each other just before the charge amplifier. The
plastic spacer block brings the charge amplifier away from the cabinet chassis so
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the cable connections can fit nicely with no interference and also making it easier
to remove the cables if needed.

The WIM system is independent of the data acquisition system and data
generated from the WIM system is exported to the database and is combined
with the rest of the data. However the WIM system still functions like it would if it
were a stand alone unit. Users can access the WIM controls and monitor
vehicles as they pass over the system and modify the configuration settings.
One very important step in setting up the WIM system is to calibrate the system
using a test vehicle.

Setting up the WIM system is actually quite simple after the sensors are
installed. Once the controller rack is placed into the cabinet a handful of sensor
leads need to be connected. There are two wires for the loop detector that have
two designated screw terminals and a BNC connection for the charge amplifier
must be plugged in. The unit must also be plugged into an electrical receptacle
for power. Beyond this, a connection to the controller must be made with a serial
cable into a computer. Software provided with the equipment allows users to
view data being generated by traffic and also change settings.

To calibrate the WIM a flat bed truck was used with a large weight placed
in the back as shown in Figure 3-28. The total truck weights were obtained by
driving the entire truck onto a static scale and recording the weight and then
advancing the truck forward so that only the rear axle was measured. The scale
platform was very flat, so this method should be accurate. To obtain individual

wheel loads the axle weights were divided in two.
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There are already plans to use portable scales provided by the Wisconsin
State DOT to measure individual wheel loads. The truck used is owned by
Marquette University and the large weight is easily loaded with a forklift. A
standard positioning of the weight has been created so in the future, weighing out
the wheel loads will not be necessary. Furthermore, when the wheel loads are
measured, it is proposed to position the loaded truck so that it is on a similar
cross-slope and grade as the test section to catch any weight bias between

wheels.

Figure 3-28 - Vehicle used to calibrate the WIM system. Note the concrete slab placed in
the bed of the truck over the rear axle.

To calibrate the system, the truck was driven over the WIM sensors while

a user connected to the WIM system watched the response generated. To
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correct for speed adjustments the distance between the quartz piezo strips is
modified in the software setup. If an accurate measurement of the spacing
between the sensors has been made and entered into the software setup, it is
unlikely that this will need to be modified.

To adjust the system for weight corrections, there is simply one correction
factor that needs to be modified. There is actually a slider bar that can be clicked
and changed, or the user can enter a factor by entering the number in the text
box. These operations should only be done by a trained individual as there are
many steps needed to get to these points. A detailed explanation is beyond the

scope of this report.
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3.2.9 Testing Procedures

This chapter highlights the tests and data collections conducted on various
sensors and materials. The tests done on the sensors were done to confirm that
the specific sensor had survived installation or not. In terms of materials testing,

information was collected and archived for future research purposes.

Strain Data Collection During Paving

During the strain gauge installation, data was collected which included
responses from the earth pressure cells as well as the strain gauges. Initially it
appeared that one of the Dynatest gauges had not survived the installation
(Dynatest C6). The data was downloaded and analyzed after paving. It should
be noted that the heat generated from the asphalt material creates large
fluctuations in the strain gauges due to the circuitry on board the gauges. Many
of the signals had drifted out of the range of measurement, but did not
necessarily mean the gauges were destroyed.

The following plots were generated from the rolling operations. Figure
3-29 and Figure 3-30 are examples of gauges that are functioning properly.
They both show significant induced strain values, with two peaks indicating the
time at which the steel wheel roller passed over the gauges. Figure 3-31 shows
the output from the Dynatest C7 gauge which was showing a substantial amount

of signal noise.
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These plots confirmed that the gauges were functioning properly
immediately after paving. More in-depth tests were carried out on the gauges the

day following the paving and presented in the following section.
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Figure 3-29 - Dynatest PAST Il - AC gauge C4 response to roller pass.
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Figure 3-30 — CTL ASG gauge BO response to roller pass.
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Figure 3-31 —Dynatest PAST Il — AC gauge C7 output. Although not explicitly clear, this
sensor has a substantial amount of signal noise compared to similar gauges.
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Marshall Hammer Testing

This testing was conducted the day after the strain gauges were installed
and was done so to check the functionality of the strain gauges. Each strain
gauge was located using the GPS based location device and its position marked
with paint directly on the pavement. The data acquisition systems were set up
and all of the sensor leads connected. (Some sensors such as a few of the
moisture and temperature probes were not measured or connected due to
insufficient lead lengths that needed to be lengthened. Low speed samples were
taken using a low speed data acquisition device set up for the purpose of
measuring sensors during construction. The system purchased for the project
was being set-up for taking high speed strain and pressure measurements.)

Once everything was connected and running, a series of tests were run to
check that the sensors were alive and functioning. A Marshall hammer with a
rubber pad on the foot was used to stimulate the ASG sensors with four drops in
succession. The data acquisition system was started and stopped for each of
the series of drops. The series of drops was conducted directly above each ASG
sensors.

The data was downloaded and analyzed for functionality of the gauges.
Upon inspection, one Dynatest strain gauge (Gauge ID - C6) was unresponsive
to the Marshall Hammer drops. A subsequent resistance check of the gauge
showed that the resistance was much higher than its gauge resistance of 120

ohms, indicating that the gauge (ID C6 in layout) was damaged and no longer
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functional (see Table 3-2 for the correct resistance values for the two types of
strain gauges). Unfortunately, an adjacent strain gauge (DynaTest ID C7)
appeared to have an unusual amount of signal noise. This was an indication that
the gauge may have been damaged during paving. All of the CTL ASGs
appeared to be in proper working order, as well as the earth pressure cells
(although the pressure cells did not respond to the Marshall Hammer drops,

passing vehicles did cause observed responses.)

Table 3-2 - Correct resistance values for the two different types of strain sensors. A
resistance that is extremely high implies an open circuit. Resistance values lower than the
correct value indicates that the sensor is shorting out.

Sensor Sensor Lead 1 | Sensor Lead 2 Correct Resistance
Across Leadl /Lead2, Ohms
CTL Asphalt Strain Black Red 350
Gauge White Green 350
Dynatest PAST Il - AC | Black or Yellow | Blue or Brown 120

Figure 3-32 is a plot of the data generated from the tests using the
Marshall Hammer on CTL gauge AO. The plot shows four significant increases in
strain that seem to accumulate and slowly return to its previous state. The shape
and behavior of these strain impulses were not of much interest at the time, but
may be for future research. The point of conducting the test was to stimulate the
sensors and get an indication of their functionality. Other gauges produced very

similar results to this, with the exception of the damaged gauges.
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Figure 3-32 — CTL gauge AO strain in response to a series of four Marshall Hammer drops
in succession.

FWD Testing

The final lift of asphalt (SMA wearing surface) in the test section was
scheduled for paving in the test section on the night of September seventh and
finishing the next morning. Falling Weight Deflectometer (FWD) testing was
done beforehand for two reasons. The first was to provide loading to the sensor
arrays and record sensor data. The second reason was to record FWD data to
gain some insight into the material properties of the pavement. Although FWD
testing would be done after the pavement structure was complete, the data was
collected as part of an effort to obtain as much information as possible about the
pavement.

The FWD was used to create a heavy impulse loading on the pavement

while simultaneously recording strain data. Although no detailed analyses of the
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data have been carried out as of right now, future research may find the data
valuable.

FWD tests were done in a series of three tests, each with four drops.
Figure 3-33 is a plot of strain response of gauge B1 due to the impulse loading of
the FWD. Similar to the Marshall Hammer tests, we see the four distinct drops
from the FWD and that the strains seem to accumulate with each drop. There is
also a small recovery in between each drop, and over a longer period of time,
there is almost a full recovery of strain to it pre-loaded state (this full recovery is
not visible in Figure 3-33).

Another set of FWD tests was acquired on the completed pavement
structure at a much later time. Since there was a very narrow window between
the final SMA paving and the highway opening, FWD testing was not conducted
during construction. However, a highway shutdown was used (night of October
25" into the following morning) to set a sign bridge structure and FWD testing

was conducted on the finish pavement at that time.
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Figure 3-33 — CTL gauge B1 strain response to an impulse loads generated from and FWD.

3.2.10 Infrastructure

Some of the critical components of the project are merely incidental items,
but took a considerable amount of time to install. These infrastructure
components outline the basic framework and provide the necessary means to
allow the system to exist. The designs used here were done so in the most

simplistic and logical form.

Pull-boxes and Conduit Network

After the majority of the excavation of the Fond Du Lac (FDL) on-ramp
concrete pads were cast which would be the future home of cabinets for both the
ITS controllers and the equipment for this project. Along with these, pull-boxes
were placed, along with conduits running between them. All of the electrical

components were installed by Outdoor Lighting according to WisDOT
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specifications. Two pull-boxes were placed along side the mainline at stations
corresponding to the center of the strain arrays and center of the weigh-in-
motion/wheel wander systems. A third pull-box exists at an elevation below the
roadside cabinet which serves as a drain for the entire conduit system. Open
graded stone was used to backfill all of the pull-boxes to drain water. In the case
of the pull-box located below the elevation of the cabinet, the backfill material
extended, partially, into the select crushed layer and the dense and open graded
base layers in the FDL on-ramp. This network is illustrated below in Figure 3-34.
A link between the two different cabinets does exist in the form of two two-
inch conduits. One of the conduits is dedicated to supplying the project cabinet
with power. Currently the other two-inch conduit is used being used by cables for
the sensors mounted to the mast alongside the roadways (infrared thermometer

and camera).
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Figure 3-34 - Pullbox locations and the network of conduits connecting them

Figure 3-34 above shows a conduit running from the column of the sign
bridge running to the WisDOT ITS cabinet. The conduits at the sign bridge end
are housed in a stainless-steel box. A weatherproof port and flexible conduit
mounted into the side of the box allows access for the leads to the instrument

mast.

Sensor Conduits - Part |

A week after the installation of the sub-grade sensor arrays and before
slip-forming of the concrete curb, conduits were installed which would house
wiring for the following equipment: strain gauge arrays, dense graded aggregate
layer EPCs, temperature gradient probes, loop detector, wheel wander piezo
strips, and weigh-in-motion quartz piezo strips. The layouts of these conduits are

identified in Figure 3-35 within the clouded section.
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At the time of installation of the conduits, the open graded base layer was
being prepared for placement. In part of the test section it had already been
placed and stockpiles of the material were left in various locations waiting to be
cut to its finish grade. A large area was opened in the open graded aggregate
layer along with some of the dense graded aggregate base layers to
accommodate the installation of the numerous conduits. The conduits were
installed into the lower layer of the dense graded base layer.

It was pre-determined to use a two inch diameter conduit for each strain
sensor array and one inch diameter conduits for all others. The ends of the
conduits for the earth pressure cells, strain arrays, and temperature gradient
probes were placed so that they were as close as possible to the edge of the
proposed sensor locations, minimizing the amount of exposed wires (this was
difficult for the strain sensors, since eight sensors would use one conduit; adding
cable armor to the leads took care of this). The ends of the conduits for the
weigh-in-motion system, loop detector, and wheel wander strips, were terminated
at the proposed face of the curb gutter and were later extended vertically to
accommodate the higher elevations of the instruments. All of the placements of

the conduits were made using the help of a GPS surveying locator tool.
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Figure 3-35 — The conduits within the cloud are those installed for the strain sensors, base
EPCs, WIM and Wander components.

Since the proposed location of the weigh-in-motion system and wheel
wander strips were farther north than the strain sensor arrays, the conduits were
run to the northern pull-box which connects to the pull-box housing the strain
arrays, pressure cells, etc. and finally into the lower pull-box and up into the
cabinet.

After the proposed conduit termination locations were marked, the
conduits were laid out, trimmed and inserted into the steel pull-box via ports cut
with a hole-saw. The open ends of the conduits were covered with duct tape to
prevent foreign material from entering. Before the conduits were backfilled, the
exact locations of the ends of the conduits were measured and recorded so that
they could be found later and are listed in Table 3-3. The dense graded base

layer was replaced and compacted followed by the open graded base layer.
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Care was taken to keep the layers separate, but some mixing of the layers was
inevitable. The open graded base layer was re-worked and re-graded just prior

to paving to remove any deficiencies.

Table 3-3 — Location of the conduit ends within the pavement structure. Conduits with an
offset of 45.0 feet were terminated at the proposed curb face —in these cases, the
locations below are not final and where later modified after paving.

Conduit
Conduit Description Diameter, in. Station, ft Offset (RT Of Mainline R/L), ft Elevation, ft
Strain Array "A" 2 385+12 36.0 659.0
Strain Array "B" 2 385+20 36.0 659.0
Strain Array "C" 2 385+25 36.0 659.0
Base Earth Pressure Cell Al 1 385+16 33.5 659.0
Base Earth Pressure Cell B1 1 385+24 33.5 659.0
Shoulder Strain Gauge 1 385+20 41.0 659.0
Temperature Gradient Probes 1 385+20 45.0 659.6
Wheel Wander 1 385+36 45.0 659.6
WIM #1 1 385+48 45.0 659.6
WIM #2 1 385+54 45.0 659.6
WIM - Inductance Loop Detector 1 385+55 45.0 659.6

Sensor Conduits - Part |l

At the time of installation of the base layer earth pressure cells the
conduits for the WIM and wheel wander systems (WIM system includes the loop
detector) needed to be extended appropriately. This was not done during the
previous conduit work because the concrete mountable curb had not been slip-
formed yet. After the curb was placed the conduits were located, excavated, and
cut back accordingly to accept 90° elbows so the conduit would run vertically
along the face of the flange. These would have to be repositioned once more
after the upper layers of asphalt were placed.

Just before the SMA layer was scheduled to be paved, the conduits for the
WIM sensors, wheel-wander sensors, and pavement temperature gradient
probes were installed. The proposed locations for the sensors were marked on

the pavement surface with paint. It was decided to use one one-inch diameter

110



conduits for each WIM strip (two coaxial cables per conduit), one one-inch
conduit for all three wheel-wander sensors (three coaxial cables per conduit) and
one one-inch conduit to house both pavement temperature gradient sensors (two
16 conductor wires).

Most of the conduit runs for these components had already been complete
prior to the placement of the concrete curb and were extended upwards against
the face of the curb after it had been placed. Conduits needed to be installed
into the pavement layer (the surface of the 7-inch E30 layer) that extended from
the conduits at the curb to the edge of the proposed sensor location. Since the
WIM and wheel-wander sensors needed to be installed into the surface of the
SMA layer, it was proposed to install conduits so that only a small hole was
needed to run the sensor cables to the cabinet, thus eliminating cutting
unnecessary groves into the new pavement surface. However this was not
needed for the pavement temperature sensors, as they would be installed during
paving of the SMA layer.

For the two temperature sensors, grooves were cut from the stubbed up
conduit at the curb line to the proposed sensor locations. The grooves were cut
with a gas powered saw with an abrasive bladed mounted (Figure 3-36 - top left).
The grooves were about % inch wide and about % inch deep, just large enough
to accommodate the large diameter sensor leads that would be installed into it
plus extra room for sealant to be used to secure the wire. One conduit would
house both sensor leads. The holes for the temperature probes were not drilled

until they were ready to be installed.
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For the WIM and wheel-wander sensors, a much larger groove was
needed to house the one-inch diameter conduits. A two-inch wide milling wheel
mounted on a skid-loader was used to cut the pavement from the conduits to a
location just short of the proposed sensor locations (Figure 3-36 - top right). The
pavement around the conduits had been cut open and exposed by hand, making
it possible to install elbows onto the previously installed conduit stubs.

After the grooves for the WIM sensors were cut, the conduits were placed
in the groove. The conduit for the wheel-wander had three extra cuts made that
would accommodate the three sensor leads. Pieces of armor cable were used to
create smaller access channels for the sensor leads that extended from the base
of the proposed wheel-wander sensor locations and inserted into the conduit
(though this made it possible to push the wires in only one direction). Itis
important to note that sharp edges exist on the armor cable when freshly cut and
were covered with electrical tape to prevent damage to the sensor leads. In the
future it is advised to use flexible tubing that has a smooth interior wall as
pushing wire through the armor cable proved to be quite difficult. It is also
important that all conduits are sealed tightly just prior to being buried or debris,

especially fine material, can be carried into the conduits creating blockages.
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Figure 3-36 - Installation of the WIM, wheel wander, and temperature sensor conduits. Top
left: Grooves were cut with a saw for the sensor leads for the pavement temperature
gradient probes. Top right and bottom left: Groove cut with conduit in place for a WIM
sensor. Bottom right: Asphalt being re-compacted into groove cut for the wheel-wander
sensors. The plate tamper had a bolt-on bar (circled) mounted on the bottom to fit into the
cut to increase compaction efficiency.

After all of the conduits were placed in their proper locations, the exact
location of the ends the conduits were measured with the GPS locator and also
by using a set of triangulation points. The triangulation points were based off of
three nails that were installed into the concrete curb, all of which were located
near saw-cut construction joints towards the back of the curb.

Fresh asphalt was then replaced into the grooves in the pavement as
seen in the bottom photographs in Figure 3-36 above. Some areas were
compacted by hand using a hand tamper, while most the longitudinal portions of
the groove were compacted with a gas powered plate-tamper. The day after the
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conduits were placed, the bucket of a skid-loader was used to trim the re-

compacted asphalt flat with the surrounding pavement.

3.2.11 Miscellaneous Project Activities

A handful of other tasks were carried out that were important but were not
involved with the installation of any equipment. Some of these tasks were
important because they dealt with gathering information for future research while

others were just observations, but considered noteworthy.

Site Survey and Soil Sampling

As most typical construction projects go, progress takes place in multiple
stages. The first steps taken in accomplishing the goal of this project were to
take a couple of site surveys where general information was gathered about the
chosen location. The initial visits were made before any demolition of the
existing pavement and occurred in late April. The first task in the project which
consisted of collecting soil samples didn’t take place until mid-June.

The project detailed a change in the design of the Fond du Lac (FDL) on-
ramp, adjacent to the test section. The existing ramp had a pavement elevation
slightly higher than the mainline elevation. The proposed ramp would be many
feet below the previous design, thus calling for major work in constructing a
secant-pile retaining wall and removal of large amount of soil. Excavation of the
ramp at the test location would have to wait until the retaining wall was complete

so that excavation of the entire section could begin.
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As soon as the mainline excavation was finishing up, select crushed

material was placed and graded. Shortly thereafter, excavation began for a sign

bridge structure, which included a series of piles for the foundation (it was noted

that a large deposit of very gravelly material existed in the excavation for the

piles, most likely due some pre-existing construction. It was also noticed that the

soil was very wet and the excavation for the piles had to be constantly pumped

out. Soils in the excavation were mostly clays). As the structure was being

constructed samples of the sub-grade soils were taken at the proposed mainline

elevations of the sub-grade (or native materials) from earth slope between the

mainline and the FDL on ramp as shown in Figure 3-37.
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Figure 3-37 - Location of soil samples taken for the project.
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The types of soils taken from these locations varied significantly in the
small amount of distance that separated them. The soils taken from location #1
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in Figure 3-37 were generally very clayey with some gravel throughout. The
samples from the location #2 in Figure 3-37 could be better characterized as
silty-clays. It was somewhat unknown what the states of the materials were in
regards to the previous construction of the highway many years ago. During
construction it was noticed that several locations had seams of very gravelly
material which, upon further inspection, appeared to be locations of an old
system of sewers or other ducts. When installation took place, the soils in the
location of the test section appeared to be in an undisturbed state and are

assumed to be such.

Pavement Coring

Permission was granted from the guarantor of the pavement to take four
four-inch-diameter cores samples, just prior to final of the SMA layer, for future
testing and other uses (see Figure 3-38 below). They were taken a substantial
distance away from the test section; two taken south of the test section and
another two north of the section. Upon removal of one core, the upper pavement
layer (upper lift of E30 mix, the SMA layer had yet to be paved) fell away from the
rest of the layers. The bond between layers has not been investigated, so the
only action taken was to take note of the observation. The core samples were
taken back to the lab at Marquette University, preserved by packaging them
appropriately, and are currently in storage.

The voids left by the coring were re-compacted in the proper lifts using the
properly matched material. A Marshall Hammer was used to compact the

asphalt and were finished as flush as possible to the pavement adjacent to it.
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Figure 3-38 — Left: Core sample removed from the pavement. Right: The core-drill was
secured against the weight of a vehicle to produce samples with very smooth side walls
for possible future testing.

Sign Bridge Lift

Poor weather conditions had pushed some of final construction activities
behind schedule. It was due to these delays that the wheel-wander and WIM
sensors were installed using nightly lane closures, whereas the original plans
called for installing them before the highway opened. One aspect of construction
that was pushed behind schedule was the erection of large sign bridge structure
near station 385+00, just south of the test section.

The sign bridge structure was supposed to be erected before SMA paving,
but unknown issues prevented it from being installed. Lagging was set up along
roadside in the areas of the project pull-boxes, and the sign structure was lifted
and placed on it. The structure remained there until after SMA paving and barrier
walls were erected just before the highway opening.

Installation of the sign bridge was scheduled for October 25" and 26"
during a night-time full highway closure. The entire highway had to be closed
because a heavy crane was brought in to lift the sign structure as one unit over
all lanes of traffic as shown in Figure 3-39. The physical positioning of the crane
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and its outriggers on the pavement was unknown, but it was understood that this
could potentially damage the surface mounted instruments. The operation was
monitored throughout equipment set-up and lifting. The crews were notified of
the sensitive pavement and were very cooperative with avoiding the area.

The closure time was also used as a window to conduct FWD testing on

the finished pavement structure. The testing was done in multiple locations while

the construction crews were awaiting the arrival of their equipment.

Figure 3-39 - Heavy crane lowering the sign bridge into its final resting position. Note that
the outriggers for the crane came close to the sensor locations.
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Chapter 4 - System Demonstration

The final step of the first phase of this project was a demonstration of the system
verifying to WisDOT the functionality of the system. This specific step fulfils task
4 of the original research proposal. This step proved, to the appropriate WisDOT
personnel, the ability of the system to successfully record data from the test
section and properly store it on the database at Marquette University. The format

of the data base tables and the tools to access them are also presented here.

4.1 System Demonstration

On April 18", the system was demonstrated to selected WisDOT personnel. The
data viewer was used to show the data being measured in real time and a
MySQL query was used to find the data associated with the data being recorded
and stored. The strain and pressure profile, wheel, environmental, and WIM
tables were all accessed to show the data being stored to the server. The

WisDOT personnel agreed to recommend acceptance of the system.

4.2 Database

There are a handful of different database types available for use on the market
today, each with its own unique capabilities depending on the product’s intended
use. For this project the database was built with the open source MySQL
software. This particular software is equivalent and compatible with Microsoft’s
SQL server, however because it is open source, the software and the required

tools to access the database are all provided for free. For users needing to
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access data within the database the MySQL Query Browser is an excellent tool
for doing this. The MySQL software can be downloaded directly from their

website: http://www.mysgl.com. Database software such as Microsoft Access is

simply not robust enough for the amount of data being stored and the access
requirements for this project.

Structured Query Language, or commonly known as simply SQL, is a
standardized language used to create, modify, retrieve, and delete entries in a
relational database. SQL has been standardized by both the American National
Standards Institute (ANSI) and International Organization for Standardization
(ISO). The programming language and syntax is outside the scope of this report,
however most individuals comfortable with programming should be familiar with
SQL and database theories. Furthermore, most programming languages such
as C#, C++, Java, and many others provide very easy tools for accessing and
manipulating databases.

The database is being populated directly from the National Instruments
data acquisition system in the field via the wireless connection. Data from the
WIM system is exported to the National Instruments system and sent with the
other data streams. The wireless connection drops into Marquette’s local
network through a hardwired data link in Carpenter Tower Hall located on the
corner of 11" and Wisconsin Avenue. Once within the local network the data has
direct capabilities to the database computer. A pictorial representation is shown

below.
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Figure 4-1 — Data transmission path.

The WIM data and the data recorded from the data acquisition system are
not tied together at any point. The two systems operate independently and store
data independently in separate tables. However, the tables can be joined by
time stamps applied to each row of data. The time stamps are not perfectly
synchronized, but are within a narrow margin of each other. This does not limit
the ability to match data rows; a simple fix can be accomplished by creating a
guery that takes this margin into account.

Data being measured from the data acquisition system is stored in
separate tables along with the WIM data. The break down of the tables and their
contents are shown below. There is a primary key for the wheel table only. The
environmental table contains data which is rather low speed data and is

organized by date and time stamps. The profile table contains the high speed
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data from the strain sensors and the earth pressure cells. This table does not

posses a primary key because one unique wheel identification number belongs

to many rows of strain and pressure data; hence a one-to-many relationship

between the two. Again, because the WIM is an independent system, the WIM

table is related to the profile and wheel table via date and time stamps.

Figure 4-2 - Database tables.

4.3 Data Viewer

Profile WIM Environment Wheel
PK |wheel_id
wheel_id date date date
strain_A0 time time time
strain_Al ms air_temperature ms
strain_A2 axle wind_speed offset
strain_A3 class pyro_0O speed
strain_A4 weight pyro_1 image
strain_A5 length pavement_surface_temperature
strain_A6 speed subgrade_moisture_A0
strain_A7 vehicle_number subgrade_moisture_A1l
strain_BO axle_sp_1 2 subgrade_moisture_A2
strain_B1 axle_sp 2 3 subgrade_moisture_B0O
strain_B2 axle_sp_3 4 subgrade_moisture_B1
strain_B3 axle_sp_4 5 subgrade_moisture_B2
strain_B4 axle_sp 5 6 subgrade_temperature_AO
strain_B5 axle_sp_6_7 subgrade_temperature_Al
strain_B6 axle_sp_7_8 subgrade_temperature_A2
strain_B7 axle_sp_8 9 subgrade_temperature_BO
strain_CO wheel_load_1 subgrade_temperature_B1
strain_C1 wheel_load_2 subgrade_temperature_B2
strain_C2 wheel_load_3 pavement_temperature_AO
strain_C3 wheel_load_4 pavement_temperature_A2
strain_C4 wheel_load_5 pavement_temperature_A3
strain_C5 wheel_load_6 pavement_temperature_A4
strain_C6 wheel_load_7 pavement_temperature_A5
strain_C7 wheel_load_8 pavement_temperature_A6
strain_S0 pavement_temperature_A7
subgrade_pressure_AO pavement_temperature_A8
base_pressure_Al pavement_temperature_A9
subgrade_pressure_BO pavement_temperature_A10
base_pressure_B1 pavement_temperature_A11l

A data viewer tool has been developed so that a user can literally “watch” the

system at work. This tool gives the user a view of the system real time. It is
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possible for a user to watch data entering the database, however at peak traffic
times, it is likely that a queue may develop which consist of data at the field site
waiting to be sent to the database. This is mainly due to the data transfer rate
limitation of the wireless communication system. At off-peak traffic hours though,
the queue will diminish and be at real time.

The data viewer allows the user to see the system real time. It provides
the user with all of the data being taken at the very instant it is recorded. This
includes strains, pressures, environmental data, WIM data, and provides a still
image of the vehicle. Below is a screen-shot showing the viewer. The viewer
was something added on after the fact and will certainly undergo minor
adjustments and changes as improvements are seen fit. This interface will likely
only be available to those managing the system, as there is significant
consumption of the wireless communication bandwidth and network security

issues.
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Figure 4-3 - Screenshot of data viewer

o

In the left panel of the display the user can see a picture of the current
vehicle in a black and white still image. Just below this there are three tabs;
wheel, WIM, and environment. Within each tab, data associated with each is
displayed directly below. The wheel tab contains general information regarding
the status of the system and the current wheel load. The WIM tab displays
information regarding current axle such as wheel weight, spacing, etc. using
information from the WIM system. Environmental data such as temperatures and
wind speed are displayed in the environment tab.

The right panel of the screen shows the data from the strain and pressure
recordation from the current wheel load. There are four plots aligned vertically

within this window, one for each strain array and the fourth for earth pressure.
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Buttons to the left of each plot are available to either turn on or off the trace for
each individual sensor (the screen shot below was taken before this feature was
added); as many of all of the sensors or as little as none can be displayed.

A similar version of this tool will be developed for the general public. The
difference will be that this version will be showing the user the latest data
entering the database. This isolates the data acquisition and transfer processes
from the data access processes caused by outside users. Thus a technical
breakdown in this change of information does not affect the data being measured

and stored.

4.4 Phase Il Work Plan

This Phase Il work plan was developed to provide a continuation of data
collection, storage and download as well as to develop automated data analysis
techniques for accumulated strain data. Additionally, accumulated wheel wander
and weigh-in-motion data will be analyzed to validate and/or refine general
models used within the mechanistic-empirical (ME) pavement design procedures.

The array of pavement sensors installed for this project, coupled with their
associated sampling rates, will yield a large volume of data that must be
effectively managed if any discernable results are to be obtained. While the
system has the capability of capturing the response of individual axle loadings, it
may not be desirable to record this data for every single axle loading using the
facility. In contrast, repeated short data collection windows may be desired to
gather axle loadings and related responses at selected times and then grouped

to provide a more comprehensive overview of the aggregate pavement
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performance. The key indicator in the choice of operating environments will be

the processing time required to effectively and accurately analyze collected data.
The following work tasks summarize the activities proposed for Phase Il of

this research project. The initial findings from study Phase | have been integrated

into this Phase 2 work plan to provide maximum benefit for this research effort.

Task 1 — Maintain System Integrity

All installed pavement sensors and data recording/transfer hardware will
be monitored to ensure the integrity of the data collection system is maintained
throughout the Phase Il work period. Any external sensors, including the
pyranometers, anemometer, infrared pavement temperature sensor and video
camera will be repaired/replaced as needed. The National Instrument and
weigh-in-motion data collection system systems will be monitored and repaired
as needed. Replacement of these systems, if necessary, will be covered by
manufacturer’s warranties or WisDOT as appropriate. The roadside and roof-
mounted wireless access systems will be maintained as necessary to provide

continued data transmission.

Task 2 — Develop Data Packages

The large amounts for pavement data being generated on this project will
necessitate the development of protocol for efficiently storing field data sets.
Additionally, a website for downloading data sets will be developed to provide
researchers around the globe with access to collected data. Posting of collected

data will continue throughout the duration of Phase Il work activities.
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Task 3- Develop Automated Data Processing Techniques

The installed pavement instrumentation has the capability of collecting and
storing substantial quantities of pavement strain data for each axle load passage.
This strain data represents a critical link between traffic loads and accumulated
fatigue damage. The efficient analysis of strain response requires the
development of automated data processing algorithms to produce meaningful
summary values for ME pavement analysis. Data processing algorithms for the
wander and weigh-in-motion data will also be developed to validate/refine
general models used in ME design.
Task 4 — Project Reports

The project tem will prepare five quarterly progress reports which will
provide WHRP and WisDOT an opportunity to review recent project
accomplishments. A Phase Il Final Report will be submitted which documents all
findings of this study phase and provides a procedural manual for the
visualization/recordation/analysis of pavement response data. A draft final report
will be submitted for review by March 31, 2008. A revised final report,
incorporating reviewer comments as appropriate, will be submitted by June 30,
2008. The final report will also include recommendations for implementing the

study findings into WisDOT pavement design policies.

Phase Il Timeline
A Phase Il period extending through the end of June, 2008 is needed to

allow for a complete year of field data collection and analysis and report
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preparation/review. Works Tasks 1 & 2 will be continuous throughout Phase II.

Work Task 3 will be completed by December 2007. A Draft Final Phase Il report

will be submitted by March 31, 2008. A 2-month review period will be provided

for comments by WisDOT personnel and Flexible Pavement TOC members.

Review comments will be incorporated into the Phase Il Final Report which will

be submitted by June 30, 2008.

Table 4-1 - Phase Il work schedule.

Phase Il Project Task CY 2007 CY 2008
JI|J|A|S|O|IN|DJ|J|FIMJAIM]|J

Task 1:Maintain System Integrity
Task 2: Develop Data Packages
Task 3: Develop Automated

Data Analysis Techniques
Task : Report Preparation R|R
Table 4-2 - Phase Il budget estimate.
Individuals Taskl| Task2| Task3| Task4 | FFY2007| FFY2008| TOTALS
JA Crovetti - PI 2,694 1 2,155| 2,155 [ 2,155 | 3,663 5,495 9,158
JP Schabelski 2592125921 2592|2592 4,147 6,221 10,368
Research Assistant 4,320 | 5,184 | 6,048 | 5,184 | 8,294 12,442 | 20,736
Direct Labor 9,606 | 9,931 | 10,795 9,931 | 16,105 | 24,157 | 40,262
Other Direct Expenses | 2,250 | 500 300 800 1,540 2,310 3,850
Total Direct 11,856]10,431]11,095|10,731| 17,645 | 26,467 | 44,112
Indirect 5,572 | 4,903 | 5,215 | 5,044 | 8,293 12,440 | 20,733
Total 17,428]15,333|16,309|15,774| 25,938 | 38,907 | 64,845
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Appendix A — Strain Gauge Calibration Data

Table A-1 — CTL strain sensor calibration factors.

Provided . Experimental
Sensitivity Provided Sensitivity | y-intercept, . I
Gauge ID V Ex., V Cal. Strain Card ldentification
Factor, Corrected Factor, HE
pe/mv HeN@ 5V
167 109.3 5.116 111.8 126390 -639.8 A0
168 114.1 5.116 116.7 127220 -110.0 Al
169 108.5 5.213 113.1 122830 -2192.8 A2
170 119.7 5.213 124.8 137580 -87.3 A3
171 107.8 5.213 112.4 131050 1852.7 A4
172 106.5 5.213 111.0 121990 1400.5 A5
173 104.7 5.331 111.6 135290 1314.8 A6
174 105.6 5.331 112.6 120180 952.5 A7
175 101.9 5.331 108.6 118880 1787.6 BO
176 103.4 5.331 110.2 107850 2459.3 Bl
177 113.3 5.134 116.3 110700 425.0 B2
178 111.4 5.134 114.4 103830 747.6 B3
179 113.8 5.134 116.8 119250 720.7 B4
180 120.6 5.134 123.8 132190 1222.5 B5
181 99.0 5.146 101.9 120330 1088.2 B6
182 112.4 5.146 115.7 120490 841.0 B7
1110 1115 5.120 114.2 136230 -131.1 D5 - Shoulder
Table A-2 - Dynatest strain sensor calibration factors.
Bridge Experimental Final
Gauge Out‘pu.t Sensitivity, pe/my Sensitivity Strain Card Identification
ID Sensitivity, y-intercept,
Me/MV | Side One | Side Two | Slope, pe/V HE
679-001 800.0 700.3 780.6 -780650.0 -9751.7 CO0
679-002 800.0 788.0 754.1 -785690.0 -9655.5 Cl
679-003 800.0 717.9 758.7 -758440.0 -11599.2 C2
679-004 800.0 811.0 744.6 -810120.0 -13539.1 C3
679-005 800.0 869.6 801.3 -800880.0 -10649.7 C4
679-006 800.0 716.8 804.5 -802060.0 -10171.4 C5
679-007 800.0 775.2 724.1 -774760.0 -11680.4 C6
679-008 800.0 670.2 808.4 -807910.0 -11506.9 C7

A-1




2500

Microstrain, pe

-500

Composite Calibration
ID - 167

2000 4

1500 4

1000 4

500 -

y=126.39x-639.79

. R?=0.99

10 15 20
Output, mV

25

Figure A-1 - CTL gauge 167/A0

2500

Microstrain, pe

-500

Composite Calibration
ID - 168

2000 -

1500 -

1000 -

500 -

y=127.22x-110.04
R®=0.95

6 8 10 12 14 16 18
Output, mV

20

Figure A-2 - CTL gauge 168/A1

A-2




2000

Composite Calibration
ID - 169

1800 -
1600 -
1400 -
1200 -
1000 -

800 -

Microstrain, pe

600 -
400 -

200 -

-200

y=122.83x-2192.76
R?=0.99

10

15 20 25 30
Output, mV

35

Figure A-3 - CTL gauge 169/A2

2500

Composite Calibration
ID -170

2000 4

1500 4

1000 4

Microstrain, pe

500 -

y=137.58x-87.31
R®=0.99

-500

4 6 8 10 12 14 16
Output, mV

18

Figure A-4 - CTL gauge 170/A3

A-3




Composite Calibration
ID-171
2500
2000 | y=131.05x + 1852.69
R*=1.00
w 1500 4
=
<
©
< 1000 4
(%]
o
2
= 500 4
0 4
-500 . . . . . . . . .
-16 -14 -12 -10 -8 -6 -4 -2 0 2
Output, mV

Figure A-5 - CTL gauge 171/A4

Composite Calibration
ID-172

2500

2000 -

1500 -

1000 -

y=121.99x + 1400.48
R®=0.99

Microstrain, pe

500 -

-500 ‘ : : : : : : : :
-12 -10 -8 -6 -4 -2 0 2 4 6
Output, mV

Figure A-6 - CTL gauge I172/A5

A-4



3000

N
(=}
[}
o

Microstrain, pe

Composite Calibration
ID-173

2500 4

1500 4

1000 -

500 -

y=135.29x + 1314.84
R?=1.00

-2 0 2 4 6 8
Output, mV

10

Figure A-7 - CTL gauge 173/A6

2500

Microstrain, pe

-500

2000 -

1500 -

1000 -

500 -

Composite Calibration
ID - 174

y=120.18x + 952.45
R®=1.00

-10

-8 -6 -4 -2 0 2 4 6 8

Output, mV

10

Figure A-8 - CTL gauge I174/A7

A-5




Composite Calibration
ID - 175
2500
2000 4 y =118.88x+ 1787.59
R?=1.00
w 1500 4
3
<
(o]
= 1000
[%2]
°
2
= 500
0 4
-500 T T T T T T T T
-16 -14 -12 -10 -8 -6 -4 -2 0
Output, mV

Figure A-9 - CTL gauge 175/B0

Composite Calibration

ID-176
2000
1500 -
=1
= 1000 -
< .
S y = 107.85x + 2459.30
G 500 A )
s R?=0.93
*
O 4
*
-500 T T T T
-25 -20 -15 -10 -5

Output, mV

Figure A-10 - CTL gauge 176/B1

A-6



2000

Microstrain, pe

-200

Composite Calibration
ID - 177

1800 +
1600
1400 -
1200 -
1000 -
800 -
600 -
400 -

200 -

y=110.70x + 424.96
R?=0.99

-2 0 2 4 6 8 10 12
Output, mV

14

Figure A-11 - CTL gauge 177/B2

1800

Microstrain, pe

-200

1600 -

1400

1200 -

1000 -

800 -

600 -

400 -

200 -

Composite Calibration
ID-178

y=103.83x + 747.60
R?=1.00

-10

-8 -6 -4 -2 0 2 4 6 8
Output, mV

10

Figure A-12 - CTL gauge 178/B3




Composite Calibration
ID-179

2500

2000 -
g 1500 -
<
©
% 1000 -
S y=119.25x + 720.74
= 500 R*=1.00

0 4
-500 . . . . . . .
-8 -6 -4 -2 0 2 4 6 8 10 12
Output, mV
Figure A-13 - CTL gauge 179/B4
Composite Calibration
ID - 180

2500

2000 4
g 1500 4
£
©
E 1000 4
o y=132.19x+ 1222.55
S 500 R*=1.00

04
-500 T T T T T T T
-12 -10 -8 -6 -4 -2 0 2 4 6 8
Output, mV

Figure A-14 - CTL gauge 180/B5

A-8




Composite Calibration
ID -181

2500

2000 4

1500 4

1000 4

Microstrain, pe

500 -

-500

y=120.33x + 1088.24
R?=1.00

-10 -5

Output, mV

15

Figure A-15 - CTL gauge 181/B6

2500

Composite Calibration
ID - 182

2000 -

=
a
o
(=)

Microstrain, pe
=
o
o
o

500 -

y=120.49x + 840.95
R®=1.00

-500

-2 0 2 4 6 8 10
Output, mV

12

Figure A-16 - CTL gauge 182/B7

A-9




100

Composite Calibration
ID-1110
2500
y=136.23x-131.09
20009 R®=1.00
w
3
- 1500 -
<
8
17
o
S 1000
=
500 -
0 . . . . . . . .
0 4 6 8 10 12 14 16 18 20
Output, mV
Figure A-17 - CTL gauge 1110/D5
Calibration
ID - 679-001

-100 -

-200 4

-300 -

-400 A

Strain, pe

-500 4

-600 -

y = 780.65x - 9751.65
R?=1.00

11.6

11.8 12 12.2 12.4
Output, mV

12.6

Figure A-18 - Dynatest gauge 679-001/CO

A-10




Calibration
ID - 679-002

-100 -

-200 -

-300 -

-400 1

-500 4

Strain, pe

y = 785.69x - 9655.48
R®=1.00

-600 4

-700 -

-800 4 >

-900

11 11.2 11.4 11.6 11.8 12 12.2
Output, mV

12.4

Figure A-19 - Dynatest gauge 679-002/C1

Calibration
ID - 679-003

-100 -

-200 -

-300 A

-400 A

-500 A

Strain, pe

y=758.44x - 11599.15

-600 1 )
R"=1.00

-700 A

-800

-900

14 14.2 14.4 14.6 14.8 15 15.2
Output, mV

15.4

Figure A-20 - Dynatest gauge 679-003/C2

A-11




Calibration
ID - 679-004

-100 A

-200 A

-300 A

-400 |

-500 A

Strain, pe

y=810.12x - 13539.06
R®=1.00

-600

-700 |

-800

15.6 15.8 16 16.2 16.4 16.6
Output, mV

Figure A-21 - Dynatest gauge 679-004/C3

Calibration
ID - 679-005

100

-100 -

-200 A

-300 A

-400 1

Strain, pe

-500 A

-600 y =800.88x - 10649.73

R?=1.00

-700 {

-800

-900

12 12.2 12.4 12.6 12.8 13 13.2
Output, mV

134

Figure A-22 - Dynatest gauge 679-005/C4

A-12




Calibration
ID - 679-006

100

-100 -

-200 A

-300 A

-400 1

Strain, pe

-500 A

-600 y=3802.06x-10171.37

R?=1.00

-700 {

-800

11.6 11.8 12 12.2 12.4 12.6
Output, mV

Figure A-23 - Dynatest gauge 679-006/C5

Calibration
ID - 679-007

-100 A

-200 A

-300 A

-400

-500 A

Strain, pe

y=774.76x-11680.43

-600 1 )
R*=1.00

-700 {

-800

-900

14 14.2 14.4 14.6 14.8 15
Output, mV

Figure A-24 - Dynatest gauge 679-007/C6

A-13




Calibration
ID - 679-008

100

-100
-200
-300
-400

-500 4

Strain, pe

-600 -
-700 -
-800 -
-900 -

-1000

y=807.91x - 11506.90
R®=1.00

13

13.2

13.4 13.6 13.8 14 14.2
Output, mV

14.4

Figure A-25 - Dynatest gauge 679-008/C7

A-14




Wisconsin Highway Research Program
University of Wisconsin-Madison

1415 Engineering Drive

Madison, WI 53706

608/262-2013

www.whrp.org



