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Chapter 1
Introduction
1.1 General Statement

The strength and durability of rigid pavement make it a very appealing option for highway
engineers. However, much is still not understood about the behavior of a rigid slab in the field. The
temperature differential that forms in the slab due to solar heating can produce high stresses and
large deflections that usually are not accounted for in design. Neglecting these environmental effects
in design can lead to accelerated deterioration of the structure, resulting in early replacement and/or
more freqﬁent maintenance.

This project provided a substantial amount of data on the behavior of rigid pavement under
actual field conditions. Over two hundred instruments were placed in nine slabs by Center for
Geotechnical and Environmental Research (CGER) personnel. Data on the stresses and
displacements caused by thermal factors were collected in every season for various lengths of slabs.
Numerous dynamic tests were conducted at the site as well. All data was processed and placed in

tabular format. As a final check for accuracy, some of the data was compared with resuits given by

Finite Element Modeling (FEM) software.

1.2 Literature Review

A significant amount of research is being conducted in the transportation field today. In the
past few years, many research papers have been published about rigid pavements. The following
paragraphs summarize a few articles related to this project.

In their article, Field Instrumentation and Performance Modeling of Rigid Pavements,
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Raymond S. Rollings and David W. Pittman express the need for more investigation of the effect
temperature has on rigid slabs (1). A discussion of the design methods developed by the U.S. Army
Corps of Engineers since WWII notes that actual field data have been collected for load transfer
between slabs and used to improve the design procedure. Unfortunately, the Corps uses slab
thicknesses as their only criteria for joint spacing and slab size. Rollings and Pittman (1) state that
a variety of analytical models is available to calculate temperature effects and induced stresses. They
encourage further research to collect field data that can be compared with theoretical models to
further improve the design process.

Jamsﬁid M. Armaghani, et al., summarize the effects of solar radiation on Portland Cement
Concrete (PCC) in their article, Temperature Response of Concrete Pavements (2). Thermocouples
and horizontal and vertical Linear Variable Differential Transformers (LVDTs) were placed on six
twenty-foot slabs at a test road in Florida. The authors made numerous observations by plotting the
temperature differential and displacement versus time. They note that maximum and minimum
pavement temperatures generally occur one hour after the corresponding ambient air temperature
reaches its maximum or minimum. Their results also support the position that the maximum positive
or negative vertical displacement at any point on the slab directly corresponds with the maximum
or minimum temperature differential. The second fact provides a starting point for finite element
modeling of environmental effects on rigid pavement.

A discussion on the use of the finite element method of analysis to analyze the effects of
temperature on a rigid pavement slab is presented in the article Temperature Effects on Rigid
Pavements by Allen, et al., (3). The magnitudes of displacements and stresses found by conventional
methods are compared to those found by finite element analysis. Their research finds that actual

2
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temperature induced stresses and displacements are usually not large enough to exceed the maximum
allowable; however, they do have an influence on slab behavior when combined with other types of
loading (i.e., wheel loading at the corner of a temperature-deformed slab). The authors state that the
temperature éffects should be accounted for in rigid pavement design, and the temperature
differential between the top and bottom of the slab cannot be accurately modeled with a linear
temperature gradient.

The value of information collected by a Dynatest Falling Weight Deflectometer (FWD) is
addressed in !acob Uzan’s article, Rigid Pavement Evaluation Using NDT - Case Study (4). Uzan
is able to back calculate the modulus of elasticity (E) of the concrete slab and the modulus of
reaction for the base and subgrade by combining data taken at various points on the slab. Although
the pavement response can vary as much as 17% from test to test, the data are accurate enough to
estimate the pr;)perties very closely to what was found in lab tests performed on material samples
taken from the site.

A survey method is used by W.R. Hudson and Patrick R. Flannagan to show more damage
is done to a roadway by traffic loading than bending stress caused by environmental effects. An
Examination of Environmental Versus Load Effects on Pavements, outlines the method used to
separate damage caused by the two types of loading (5). Fourteen sites are selected from around the
United States. Each site consists of two sections, one open to traffic and one not. Care was taken
to ensure that a wide spread of freeze/thaw conditions was represented. The amount of damage
(rutting, cracking, etc.) on each section was recorded. For each of the fourteen sites, the section with
traffic loading showed more damage than the other. Those sites exposed to harsher freeze/thaw
cycles showed more damage than those exposed to mild conditions. Data from this study support

3



the hypothesis that traffic causes more damage than environmental conditions. The study also shows
that_ high environmental stresses can add to the amount of damage caused by other direct types of
loading.

Dan F. Adkins and Gary P. Merkley show tﬁat temperature changes can be mathematically
modeled in a concrete slab. The article, Mathematical Modeling of Temperature Change in a
Concrete Pavement, begins with a detailed investigation of how heat energy is transferred through
a slab (6). The authors note that heating comes primarily through solar radiation. During the winter

months there may not be enough daylight hours for radiant heat from the sun to completely thaw

1e slab before temperature returns to freezing by convective heat loss. A mathematical
model using ﬁnite difference to estimate temperature at various depths in a slab is developed in their
article. The actual temperature gradients in a concrete divider wall and a saturated concrete cylinder
are measured in field and léboratory tests. Similar results are found for the exposed surface of the

slab, but the agreement begins to deteriorate as the depth from the surface increases. As much as

a 15°F difference can be found for the predicted and actual values at the bottom of the concrete.

1.3 Objectives
All efforts in this investigation will be focused on the following objectives:

. Determine the deflection and induced stress caused by Falling Weight Deflectometer (FWD)
and environmental conditions.

. Compare the FWD induced responses found by CGER instrumentation to those registered
by the Ohio Department of Transportation (ODOT).

. Present all recorded data in a clear, understandable format.
. Discuss the reasons for various instrumentation failures.

4



Compare environmental and FWD results to values predicted by finite element software.

Discuss conclusions that can be drawn from the data and make recommendations for future
research.
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Chapter 2
Site Layout and Instrumentation

2.1 Project Background

The test site is located one mile west of the Burkhardt Road exit on State Route 2 near
Vermillion, Ohio. Instrumentation was placed in nine slabs on the westbound traffic lane between
stations 114+00 and 124+00 during the first weeks of September, 1993. All of the deflection,
pressure, and temperature measuring sensors survived placement in excellent operating condition.
Ninety-three percent of the soil moisture, and ninety-eight percent of the strain measuring sensors,

survived paving in excellent condition as well.

2.2 Site Layout

The site consists of nine slabs along the westbound lane. All of the slabs are in the traffic
lane of a divided four-lane highway. Slabs are numbered beginning in the west and proceeding east.
Joint spacing varies from 21 to 60 feet. All slabs have a width of 12 feet, are 10 inches thick, and
are supported by a 10 inch base of 304 crushed limestone. Figure 2.1 provides a plan view of the
site. Instrumentation wires from each slab are buried in a trench leading to the side of the road. All
lead wires terminate at nine concrete pads. Plastic 24 or 36 pin harnesses are used to secure the
individual wires and allow quick connection to the data acquisition systems.

Pads supported the portable stainless steel cabinet that was used to protect data collection
equipment from the weather during environmental testing. Sheet metal covers protected the lead
wire terminations on the other eight pads. All of the pads were supplied with electrical power. Data
collection equipment was moved from base to base, and while a base was not in use, leads were pro-

6
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tected by sheet metal cover.

23 Instrumentation Coordinate System

Due to the large number of gauges buried in the concrete of each slab, it was necessary to
establish a coordinate system to keep track of sensor locations. Each slab had its own coordinate
system. The origin point of each coordinate system was located mid-way (i.e., longitudinal
centerline) along the northern edge of the slab. The northern edge is the edge where the slab contacts
the berm. See Appendix A for figures depicting the coordinate system and a summary of

instrumentation for the project.

2.4  Instrumentation Selection

This project measured many aspects of slab response. This section describes how they are
measured using the selected gauges.

2.4.1 Concrete Slab Temperature Measurement

The temperature gradient through the depth of the slab was measured using J-type
thermocouples supplied by Measurement Instruments East, Inc., of Blairsville, Pennsylvania. A J-
type thermocouple contains four individual sensors at 0, 3, 6, and 9 inch depths from the tip of the
long leg of the tube. The thermocouples were placed in the concrete so that the first sensor was one
inch from the finished top of the slab.

2.4.2 Concrete Slab Vertical Displacement Measurement

Vertical deflection of the slab was measured using LVDTs produced by Schlumberger

Industries of Buffalo, New York. Each LVDT assembly was placed in the concrete so that the body

8



was rigidly anchored to the slab. The bottom of the core rested on top of a reference rod cemented
well below the slab to base material. Figure 2.2 presents a diagram of an LVDT used on this project.

See section 2.6.6 for information on how the reference rod was installed.

B

i 41/8"

|

b Connecting
‘ s e

|

i Core Housing

, |
; X__ : 3/4" Dia.
i H

3
H
3

217 ; Resistance Spring

; &
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Figure 2.2 Diagram of an LVDT.

All LVDTs used in this project have an average sensitivity of +0.130 inch/volt at 12 volts
excitation. Sensitivity was calibrated by CGER personnel with a digital micrometer. The LVDTs
had a linear stroke of +0.6 inches, and were read as a change in voltage in the +5 volt range. All
LVDTs had an operational temperatu;e ‘range of -36 to 144°F. Each LVDT required a DC power

from an outside source during testing.

1N

4.3 Concrete Slab Strain Measurement

Strains in the slab were measured using three devices; the KM-100B strain transducer, the
PML-60 strain gauge, and the Carlson Strain Meter. Figure 2.3 illustrates each type of strain gauge.

KM-100B strain transducers are manufactured by the Tokyo Sokki Corp. and distributed by
Texas Measurements, Inc., of College Station, Texas. The transducers operate as a 350 ohm full
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Figure2.3 S ' measuring instrumentation.

Wheatstone Bridge configuration. All of the strain transducers used in this project have a gauge
factor of approximately 2.0, a strain limit of +500 microstrains, and an operating temperature range
of -4 to 176°F. All strain transducers were located eight inches from the top of the finished slab.

PML-60 embedment strain gauges were also manufactured by the Tokyo Sokki Corp. They
use a 120 ohm quarter Wheatstone Bridge configuration. All PML-60s have a gauge factor of 2.12,
an operational temperature range of -22 to 144°F, and a strain limit of 2%. The body of the gauge
consists of two thin resin plates hermeticélly sealed and coated with a coarse grit material to ensure
adequate bonding 'with_the concrete. PMLs were placed in pairs at 1.5 and 8.5 inch depths. The
number and location of PML-60s varied from slab to slab.

B.R. Jones and Associates of Normangee, Texas, distribute the Carlson Strain Meter. The
meters were placed five inches from the top of the slab. Two variable resistors were used to measure
the deformation of the concrete at that level. The sensing element is an elastic wire, electrical

resistance device that acts as both a strain meter and a temperature indicator. The wire is separated
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into two coils wrapped around a ceramic core for strain measurement. When the meter is loaded,
one resistor is strained moré than the other creating a resistance differential. This information is used
to calculate both the temperature and the strain using the equation described in Section 4.4.3. The
meter is wired in a full Wheatstone Bridge configuration. Accuracy of 0.01 ohms of the total
resistanée is available.

2.4.4 Slab/Base Interface Pressure Measurement

Two pressure cells measured vertical pressure under each slab; the Model 4810 vibrating

wire and the Model 3610 semiconductor. Geokon, Inc.. of Lebanon, New Hampshire, manufactured

both pressure cells. A diagram of a typical pressure cell is provided in Figuie 2.4.

Figure 2.4 Pressure cell diagram.

Both types of pressure cells consist of two nine-inch diameter stainless steel plates separated
by a small chamber filled with antifreeze solution. This cavity is connected to a pressure transducer
via a thin stainless steel tube. The transducer converts the pressure in the tube into an electrical
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signal. Output for a semiconductor cell is the change in voltage read by the transducer. For a
vibrating wire pressure cell the output is the frequency of a wire under a load-induced vibration.

Semiconductor pressure cells have a range of measurement from 0 to 10 psi with an output
of 0 to 10 volts. Vibrating wire pressure cells have a range of 0 to 25 psi with an output frequency
of 1200 to 2000 Hz. Pressure cells were embedded in a 2 inch thick concrete layer with the sensitive
face exposed. After laboratory calibration, they were set in a prepared test site.

2.4.5 Soil Moisture Measurement

The volumetric water content of the base and subgrade is found using a two pronged probe
manufactured by Campbell Scientific, Inc. Measurement utilizes Time Domain Reflectometry
(TDR). This process involves sending a propagation wave along the length of the cable to the probe
and measuring the time necessary for the signal to return. The probe consists of two parallel, 12 inch

stainless steel rods, two inches apart. Rods were located horizontally at locations where base and

subgrade moisture levels were of interest.

2.5 Instrumentation Layout

Every slab contained instruments to measure strain, deflection, pressure, temperature
gradient, and soil moisture. The number and placement of these gauges varied from slab to slab.
Slabs one, four, and seven had two LVDTs at the longitudinal centerline, while the remaining slabs
had three additional LVDTs at the west joint. Sixty foot slabs had 12 PML embedment strain
gauges, all 40-foot slabs had 8, and 21-one foot slabs had four. Semiconductor pressure cells are
found under slabs one, two, four, five, seven, and eight. Vibrating wire pressure cells were placed
under slabs one, three, four, six, seven, and nine.
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The remainder of the instrumentation was the same for all slabs. Every slab in the project
had two thermocouples, one at the longitudinal centerline and one at the west joint. At the transverse
centerline there Were two strain transducers and one Carlson strain gauge. Two soil moisture probes
were located in the base, one at the longitudinal centerline and one at the west joint. One probe was
located in the base material beneath the longitudinal centerline of each slab as well.

Lead wires coming from some of the sensors required splicing to provide enough cable
length to reach the concrete pads. Only the LVDTs, strain transducers, and embedment strain gauges
required splicing. All splices were sealed using layers of silicone sealant and heat shrink material.
Plastic harnesses were used in some cases as extra protection. Splice connections were buried along
with the wires and lie directly beneath the shoulder.

All of the wires were routed into a one inch deep trench dug into the base leading to the edge
of the roadway. Deepening the trench would have disturbed the compaction of the base material and
affected test results. The wires ran from the slab to the pad in a backfilled two foot deep trench.
Two pieces of four inch PVC piping were used as conduits to run the wires through the concrete to
the top of the pad. All lead wires, except the thermocouples, were collected and placed into
harnesses for attachment to data collection equipment at the terminal point. The contractor provided

each pad with 120 volts of AC electricity. Figure 2.5 shows a typical cross section of the highway.

2.6 Instrumentation Placement
[nstallation of all instrumentation occurred in August and September 1993. Placement of
the Single Layer Deflectometers (SLDs) and the strain measuring instruments took the majority

of the time and required CGER personnel to develop specialized installation hardware.
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Figure 2.5 Typical site cross section.
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2.6.1 Soil Moisture Probe Placement

Soil moisture probes were located to give the soil moisture at critical points in the subgrade.
Two probes were placed beneath the center of the slab to give a general idea of the condition of the
soil in the base and subgrade. The probe at the west joint was used to measure the effects of
infiltration of water through the contraction crack.

Soil moisture probes were located in the base and subgrade. They had to be placed before
paving could begin. Probes in the subgrade were set in place before base material was placed and
compacted. Cables from the subgrade probes were buried during placement of the base material and
later dug up and piaced into a trench icading to the concrete pad. The remaining probes were
installed after the contractor placed the base material.

2.6.2 Thermocouple Placement

Thermocouples were located at the longitudinal centerline and at the west joint. This
placement of the thermocouples allowed comparisons of the strain and displacement data to the
temperature gradient of the slab.

All of the thermocouples were installed before paving began. The thermocouples were
secured to the wire reinforcing mesh so they would remain in position during paving.
Thermocouples were secured with tie wires. The bottom leg of the thermocouple strip rested on the
base material. Individual sensors were at depths of 1, 4, 7, and 10 inches, measured from the surface
of the concrete slab.

2.6.3 Pressure Cell Placement

Placement of the pressure cells allowed for the measurement of slab/interface pressure due

to environmental curling and FWD testing. One pressure cell was located at a corner of the slab
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where the pressure should be greatest in concave down bending, and two were located at the
longitudinal centerline where the pressure should be greatest during concave up bending.

Each pressure cell was embedded in a small concrete block before being transported to the
site. Each block was 12 inches wide, 24 inches long, and 2 inches thick. This was done to ensure
that no concrete would seep under the cell and thﬁs decrease the quality of contact between the cell
and the base material. Cells were installed in the base material before paving. Prior to pressure cell
block placement a small amount of base material was removed and one inch of fine sand was placed
underneath the block. Sand provided even pressure distribution on the cell.

2.6.4 Carlson Strain Meter Placement

Each Carlson Strain Meter was tied directly to the reinforcing mesh using a thin steel wire.
To ensure the wire did not adversely affect the operation of the gauge, care was taken to locate the
wire away from the ends of the gauge, and so attach only to the PVC tube. All slabs had one Carlson
Meter in place near the center of the slab at a depth of 5 inches (neutral axis). Strain at the neutral
axis is equal to zero for bending. Therefore, the only strain measured by the Carlson strain meter
must be the axial strain.

2.6.5 Embedment Strain Gauge and Strain Transducer Placement

The strain transducers were placed at the longitudinal centerline of the slab to measure the

maximum bending stress encountered by the slab. The embedment strain gauges were placed to

‘monitor dynamic load at several points in the slab.

Two factors must be accounted for to ensure that the KM-100Bs and the PML-60s properly
record the actual strain. First, each gauge must be aligned as close to the longitudinal axis as
possible. Second, instrumentation should not disturb the “normal” state of stress around it. Both

16



factors were dealt with by using an installation process developed by CGER personnel. This
installation process used a sheet metal placement box to place and protect sensors. Each placement
box was made of 22 gauge, galvanized steel with dimensions 92 inches high, 10 inches long, and
5 inches wide. The box was open at the top and bottom with a handle placed across the top opening.

Figure 2.6 presents a diagram of a placement box.
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Figure 2.6 Diagram of the strain gage / strain transducer placement box.

The primary reason for using a placement box was to protect the gauge from being moved
off line by the lateral force exerted by the paving machine. The placement box resists paving force
with support from the surrounding reinforcement mesh and with four steel pins driven into the base
material. Pins were located in the front and in the back of the box to resist overturning. The box was
inserted in mesh openings and steel pins driven into the base material immediately before paving.
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Concrete was taken from the paving machine to fill the box up to the level of the bottom gauge, 1.5
inches from the top of the base. Two pins were inserted through the side of the box and the gauge
was placed. A third pin slid over the gauge and concrete was added to fill to the 82 inch level. The
second gauge was then placed using three more pins. Concrete was added to fill the box. A small
vibrator was then used to distribute the concrete around the sensors, and the slip pins were removed.

The boxes were removed individually as soon as the finishing machine passed over them,
as the paving process progressed. Box removal was done by CGER personnel who rode on the
paving train and pulled each box. The contractor’s finishing crew smoothed over the disturbance in
the concrete, leaving no visible disturbance on the surface of the roadway.

2.6.6 Single Layer Deflectometer (SL.D) Installation

SLD is the acronym for Single Layer Deflectometer, a system using an LVDT/reference rod
combination designed to measure vertical deflection. The LVDTs were installed in the slabs to
measure critical points of deflection. Both the FWD and environmental tests record responses at the
same critical points, the joint and the centerline, so that results can be correlated.

The reference rod was installed first for the SLD. A 6 inch diameter hole was augured out
of the base material to a depth of 62 to 7 feet. Loose material was removed from the hole and the
bottom was compacted with a spud bar. The reference rod was inserted and plumbed to vertical and
12 to 18 inches of concrete was poured into thé hole to attach a base. Two inches of steel rod were
left above the grade of the base material to contact the movable core of the LVDT.

To prevent excessive movement of the reference rod and to retain vertical alignment, a two

_inch PVC pipe was placed coaxially with the rod. A spacer at the top of the pipe was added to keep

the rod centered in the pipe. The space between the pipe and the side of the hole was backfilled with
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sand. LVDTs, housed in a steel casing, were embedded in the concrete, directly over the reference
rod. The casing consisted of three parts: two segments of four inch diameter steel pipe, and a six
inch square steel plate welded to the pipes. The plate served as a platform for the LVDT and
eliminated “punching out” of the housing under traffic loading. An LVDT was attached to the plate
via a specially designed clamp. The clamp used a set screw to clamp the housing of the LVDT to
enable some adjustment with respect to the reference rod.

The paving train required ten inch clearance. To accommodate this, the SLD was placed so
that its top was one-half of an inch below the elevation of the finished slab. This provided ample
clearance for the paving machinery. Another anticipated probiem was the force of tﬁe advancing
concrete pushed by the paver. To counter this force, a restrainer was used. The restrainer slipped
over the top of the reference rod and attached to the housing via the LVDT clamp. It provided the
housing with rotational and lateral support during paving. After the concrete had cured, the concrete
was chipped away over the SLD, the restrainer was removed, and the LVDT was set into the

housing. A brass cap that was flush with the surface of the pavement closed the SLD.
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Chapter 3
Testing and Data Collection Procedures
3.1 Introduction
Environmental and Falling Weight Deflectometer tests were performed on this project. By
combining the two tests, monitoring of the slab response was required during long and short term

testing. Summary of the procedures used for each type of test is presented in this chapter.

3.2 Environmental Testing

The term “Environmental Testing” describes the series of tests conducted to monitor slab
performance as a function of temperature and moisture. During each environmental test the
recording equipment was moved sequentially to individually monitor concrete slabs. Five
environmental tests were conducted: one each in Fall 1993; Winter, Spring, and Summer 1994; and
Spring 1995. Timing of the tests was designed to allow each slab to be monitored at least once in
each season. A sixth test in the Spring of 1995 provided a detailed examination at slab response
during the spring, when Aenvironmental conditions cause the most severe reactions from the
pavement.

Two collection devices are used during environmental testing: the Campbell System and the
Real Time Multi-tasking (RTM) System.

3.2.1 The Campbell System

Soil moisture data were collected using equipment manufactured by the Campbell Scientific,
Inc., of Logan, Utah. The Campbell system consists of four parts: the multiplexer, cable tester,
datalogger, and laptop computer. Figure 3.1 shows how the system was set up in the field.
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Figure 3.1 Campbell Scientific soil moisture data acquisition system.

One coaxial cable from each moisture probe connects directly to the multiplexer. A Tecktronix
1502B cable tester sends and controls a propagation wave sent along the cable to the probe.
Information collected from the cable tester was recorded in the CR10 datalogger. A Toshiba 286
laptop computer running software developed by Campbell Scientific, Inc., controlled the system.
Communication between the CR10 and the laptop - was accomplished using a SC32A interface and

the laptop’s serial port.

3.2.2 The RTM System
Reaction to environmental conditions was also measured by the RTM system. This system
consisted of four parts: the IMPs, external power supply, processor, and software.

IMP is an acronym for the 33595 series Isolated Measurement Pod, manufactured by
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Schlumberger Industries of Buffalo, New York. Two of these pogis were the backbon¢ of the daté
collection system. The first IMP was a 20-channel model 35951C used to monitor the LVDTs, semi-
conductor pressure cells, and thermocouples. The second IMP was a model 35951B with ten
channels capable of measuring resistance._’ Both pods contained internal analog to digital cards. The
- Carson Strain Metérs, and KM-100Bs strain transducers were monitored by this second IMP using
full Wheatstone Bridge configurations. All lead wires connected directly into the IMPs through the

plastic harnesses discussed in Section 2.2. Figure 3.2 presents a diagram of the RTM system.

286/12 MHz Microcomputer with
! ===~ RTM 3500 Software and A/D Card _
{ : To Electric

— '_\—\ . Power Supply

N

- 12 Volt Power Supply
Two IMP for IMPs and A/D Card
Network

PODS 8 DC Volt Power Supply

( 12 DC Volt Power Supply

To Instrumented sum\t

Figure 3.2 RTM data acquisition system.

LVDTs and semi-conductor pressure cells required a 12 and 8 volt DC excitation voltage,
respectively. Since the IMPs were not capable of providing these voltages to the instruments
dir;actly, two external transformers were provided. An IBM 286/12 MHZ microcomputer controlled
the environmental data .collection system. Communications and power supply were furnished to the

IMP network via a three-wire S-net cable connected to a communications card in the computer. Data
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collection software used was RTM (Real Time Multitasking) 3500; deVeloped by Microspecialty -
Systems, Inc., of Bethlehem, Pehnsylvania. The software had two parts: the system environmeﬁf
program and the monitoring program. The system environment portion of the program require(i
different configuration files to be set up for each slab since each slab has a diffefent selection of
sensors. The configuration file contained the IMP network, bridge configuration, gauge factor of
each gauge, and gauge to channei assignment. Instruments were monitored in é spreacishee‘t fofmat
with each column in the spreadsheet containing a different channel of information, such as the strain
or displacement, recorded by gauge, date, time, and an alarm signal showing when data was being
saved to a file. |
.The software was programmed so that every half hour éfter system start up an alarm was
triggered causing data to be saved six times, at thirty second intervals. These six points were
averaged to give a value at the half hour interval. Figure 3.3 provides a time line to illustrate this

process.

30.0min| 3 min

30 sec :
La e 60.0 min,

0 . ERRER i ) >
Time = 0.0 min  Dyta Recorded
6 Times

Figure 3.3 Time line for data recording cycle.
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. 3.2.3 Environmental Testing Procedures

Environmental testing provided data on slab behavior over an extended period. All gauges,
except the PML-60 embedment strain gauges and the vibrating wire pressure cells, were monitored
during environmental testing. An attempt was made to record data from the PML-60s to the IMPs
in the Fall of 1993. Soon after initialization, the gauges began to float from the initial readings, so
these sensors were disconnected. Table 3.1 shows the dates and duration of each environmental test.

Table 3.1. Dates for environmental tests, and time on each slab.

Number of Hours Recording on Slab #:
Test Dates | 1 2 | 3 | 4|5 |6 | 7|8 | 9]
Fall '93 10/11- {505 | 675 (445 (475 |47, {465 465 |46 |46 "‘??fzk
I : o A T ‘~:.
10/31 o !
N £
Winter'94 [2/8- (945 |45 |42 [485 |485 [455 |47 |95 [735 :
3/9 .
lspring'oa  |4/5- |45 |585 675 |645 |46 |47~ |69 |525 |40
| 4/28 » . :
Summer'94 |82- |51 |67.5 [70 |645 |47.5 |40 |48 |45 |505 |
9/1 ' . ’\
Spring'95  [3/20- {43 |455 |475 |49 |51 |45 u|4 69.5 |47.5 |
| 4/3 |

All nine slabs were monitored for each test. CGER personnel arrived on site at the beginning
of the test to set up fnonitoring equipment on the first slab. Soil moisture réadings were taken.
When all connections were made and the system was activétéd, the RTM equipment was left running
in the weatherproof cabinet for 40 to 60 hours. Data was collected at half hour intervals as described
in Section 3.2.2. About two days later CGER personnel returned to shut off the system, copy

recorded data to a floppy disk, and move the equipment and cabinet to the next slab. The process
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was repeated until all nine slabs were monitored. The test was completed in a minimum of eighteen
days.
Each slab was tested for a minimum of forty hours since this limit provided enough time for

at least two day and night cycles. Data collection was limited to data storage space.

3.3  Falling Weight Deflectometer Testing

Four Falling Weight Deflectomer (FWD) tests were conducted in this project. The dates for
these tests were: December 14, 1993; April 18, August 1 and 2, and November 21, 1994.

ODOT provided a Dynatest Model 8000 Falling Wéiéht Deﬂeptofneter for each test. ’fhe
deflectometer applied a load of 23,000 to 28,000 pounds by dropping a weight onto an 11.8 inch
diameter rubber pad. Deflection of the slab was measured using geophones placed 0, 8, 12, 18, 24,
36, and 60 inches from the point of impapt. This information was recorded by the FWD operator
and provided to CGER personnel for comparison with IMP data.

3.3.2 The EGAA System

The equipment used to fnonitor the response of the slab during FWD testing consisfs of three
main components: the microcomputer, signal amplifier, and EGAA software. Figure 3.4 provides

a layout of the EGAA system.
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Figure 3.4 The EGAA system.

Controlling the system was a 486/25 MHz computer manufactured by Texas Measurements.
To handle the enormous amounts of data created by each test, the hardware was provided witha 1
Gigabyte hard drive and two, 12 channel A/D interfaces. Loaded with the data acquisition system
was the Enhanced Graphics Acquisition and Analysis (EGAA) software package developed by R.C.
Electronics of Goleta, California.

High speed amplifiers magnified the input signal magnitude by a preselected gain factor.
They also provided an excitation voltage to the LVDTs and KM-100B and PML-60 strain sensors.
A full bridge amplifier was required for each channel when all gauges were monitored
simultaneously. Each of the 24 input channels can collect up to 2000 samples per second. Two
connector boxes were used in the system to simplify the wiring between the computer and the
amplifiers. Excitation voltage for the pressure cells was provided by the same 28 volt power supply

described in Section 3.2.2.
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3.3.3  Soil Moisture and Temperature Monitoring Equipment

During FWD testing a soil moisture reading was taken for each slab, and one temperature
differential reading was taken for each slab when loaded. The Campbell and RTM systems were
used for these measurements.

3.3.4 FWD Test Procedures

The FWD test required cooperation of ODOT who provided the deflectometer and diverted
traffic during the test. Readings from all sensors except the Carlson strain meters and the
semiconductor pressure cells were recorded. Although the PML-60s tended to float when wired to
the RTM system (see section 3.2.3) the short test intervai of a FWD drop gave acceptabie resuits for
dynamic testing.

A software option enabled the operator to select the length of time data was recorded, which
was usually one second. Another option, the graphical interface of the EGAA software, allowed the
operator to instantaneously see the responsé of any gauge connected to the system. Thus, after
confirming that the gauge response had been captured, the EGAA operator would either signal for

another drop or to reposition for the next drop. Tests were repeated three times.
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Chapter 4
Data Analysis
4.1 Introduction
The previous chapters described procedures used to collect data during environmental and
FWD testing. This chapter discusses how instruments were calibrated, if required, and how the field

data was collected and analyzed.

4.2  Temperature Differential Calculations

Thermocouples measured temperatures at several levels in the concrete. From this
information, the temperature gradient was determined and the correlation to slab response was
established. The Temperature Differential was defined as:

Temperature Differential = Thermocouple @ 1" - Thermocouple @ 10"
(Eqn. 4.1)

4.3  Vertical Displacement Calculations

All of the LVDTs used in this project were calibrated before being placed in the pavement.
Calibration involved applying a known deflection with a digital micrometer and recording the
voltage change of the LVDT. Each LVDT was tested on both the RTM and EGAA data acquisition
systems. For environmental testing, voltage was automatically changed to displacement by the RTM

software. The same calibration was applied later for FWD testing.

4.4 Strain Calculations
Each of the strain measuring gauges, KM-100B, PML-60, or Carlson Strain Meter required
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a different procedure for analyzing the output. Summary of the procedure is presented in this
section. KM-100B strain transducers were the only strain gauges used during both environmental
and FWD testing.

4.4.1 Strain Transducer Calculations

The strain transducers were monitored by the model 35951A IMP during environmental
testing. Strain transducers were initialized immediately as the gauges were connected to the IMP,
with RTM software running. Upon initialization, the IMP sends an 8mA current to the transducer
and determines the initial gauge voltage, V,. Then, the IMP reads the “out of balance” voltage value,
V,, of the transducer. For the duration -of the monitoring period, ithe IMP regisiers the “out of
balance” voltage, V,, reading of the transducer. The RTM software calculates strain in microstrains
from the difference in voltage readings using Equation 4.2.

V,-V)*4
%

g=4x—2 _*
N*SG* Vg

(Eqn. 4.2)

where ¢ = Strain (microstrains)
V,= Gauge Voltage at Initialization
V,= “Out of Balance” Voltage at Initialization

X

V.= Strain “Out of Balance” Voltage

S;= Gauge Factor of Active Gauge
N = Number of Active Gauges

The gauge factor (Sg), and the number of active gauges (N) is programmed into the RTM software
environmental file before testing. Literature provided with the software recommends a gauge factor
of 2.0 for all strain transducers and then corrects for the actual coefficient.

The KM-100B has four active gauges connected in a full Wheatstone Bridge configuration.
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To extend the range, the manufacturer designed these transducers to read only 25% of the actual
strain. Thus, to find the actual strain, the apparent value of strain must be multiplied by four, which
results in Equation 4.2. When the number of active gauges of the sensor is introduced, the equation
used in the field by the data acquisition system is Equation 4.3.

,-V)
*
S * Vg

e=4 (Eqn. 4.3)
Once the test was complete and the data were returned to the laboratory, calculations were required
to correct for the variance of gauge factors, for the expansion of the transducer’s body, and for

thermal expansion of concrete. Equation 4.4 converts measured field values for strain into stress.

0=E xexC+Ex(exa-AT*p) (Eqn. 4.4)
where 6= Stress
E,= Young’s Modulus
C=  Correction Factor for Gauge Factor
AT = Change in Temperature at Initialization (°F)
a = Gauge Coefficient of Thermal Expansion
B=  Concrete Coefficient of Thermal Expansion, 5.5x10"-6/°F

Concrete core samples of the pavement were taken for lab analysis. Compression tests gave a

modulus of elasticity of the sample of about 4,000 ksi. This value was used for all calculations.

For FWD testing, the transducers were read through the EGAA system where the transducers
were configured in a full bridge. A modified form of Equation 4.3 was used since amplification was
necessary:

)

e=4x—°2 >
M*Sg*Vg

(Eqn. 4.5)
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where M = Gain Factor
For FWD testing the change in voltage due to the load was measured. As signals coming from the
strain transducers were extremely sensitive, the amplifiers magnified the signal to be read by the 12
Bit A/D cards. A gain factor of 10,000 was commonly used for strain transducers. Once the
apparent strain was calculated, the data were multiplied by the gauge correction factor. Stress was
determined by multiplying the adjusted strain by the modulus of elasticity.

4.4.2 Embedment Strain Gauge Calculations

PML-60 embedment strain gauges were used only during FWD testing. Each gauge was
configured in a quarter Wheatstone Bridge configuration where bridge compietion resistors were
supplied with the amplifiers. The EGAA system read the change in voltage encountered by the
gauge. Daily and Riley (7) use Equation 4.6 to relate the voltage differential to the resistance.

R *R, AR, AR, AR, AR,

AE=V _
(Rl +R2)2 Rl R2 R} R4

(Eqn. 4.6)

where AE =  Change in Voltage as Read by the EGAA System
V= Input voltage
R,= Resistance of each of the Four Arms of the Wheatstone Bridge (Q)
AR, = Change in Resistance in each of the four arms
The sensitivity of a Wheatstone Bridge is found by using Equation 4.7, also taken from Daily

and Riley (7).

_AR£ =S *e (Eqn. 4.7)

Since three of the resistors were provided by the amplifiers, the last three AR/R terms cancel
in Equation 4.6. Combining equations 4.6 and 4.7 and solving for the strain results in Equation 4.8.
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(R, +R,)
ezAE*R T (Eqn. 4.8)
l* 2 * g*M

A typical gain factor of 1,000 or 10,000 was used for the PML-605.l Equation 4.8 determines the
strain read by the PML-60 strain gauges and does not require any calibration or adjustment. Stress
was determined again by multiplying the results of Equation 4.8 by Young’s modulus of the
concrete.

4.43 Carlson Strain Meter Calculations

The Carlson strain and temperature devices were monitored only during environmental
testing. The Model 35951 A IMP was wired to read the two internal resistors in the gauge and the
total resistance of the gauge. These values were collected by the RTM software. Temperature was
measured by finding the difference between the resistance at that instant and the value recorded

while the meter was at zero degrees Fahrenheit (A). The difference is multiplied by a calibration

constant (B). Values for A and B, as well as Equation 4.9, are provided by the manufacturer.
Temp =[(R,-A)] *B (Eqn. 4.9)

where Temp = Temperature (°F)
= Total Resistance Across Gauge (kiliohms)
= Meter Resistance at 0°F (ohms)
= Calibration Factor (degrees/ohm)
Finding the stress in the gauge was a multi-step process. The first step was to determine the

ratio of the two resistances using Equation 4.10.
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Ratio =(R,/R,) * 100 (Eqn. 4.10) -

where R, and R,= Resistance of the First and Second Element e
On site initialization of all Carlson strain meters occurred on October 10, 1993. Values for

the initial temperature and resistance ratios were recorded at that time. The initial resistance ratio

was used in Equation 4.11 to find the change in the ratios. The result was expressed as a percentage

by multiplying the value by 100.

Rchange = (Ratio - C) (Eqn. 4.11)
where Rchange=  Resistance Ratio Change
C= Initial Resistance Ratio Taken on October 10, 1993

The indicated change in strain was then calculated using Equation 4.12. A calibration constant, D,

was provided for each gauge by the manufacturer.

Indchange = D x Rchange (Eqn. 4.12)

where Indchange = Indicated Change in Strain
D= Calibration Constant

Note indicated strain is not equal to the strain in the concrete without correction. Strain is corrected
for the thermal expansion/contraction of the meter frame and concrete. This is accomplished using
two correction equations and modifying the strain value. Equation 4.13 adjusts the magnitude of

strain for the effects of temperature on the meter frame.

Corrme =(Temp-T,) *y (Eqn. 4.13)
where Corrme = Correction Factor for the Gauge Frame
T, = Initial Temperature Reading Taken on October 10, 1993
Y= Thermal Coefficient of Expansion for the Gauge Frame, 6.7x10"-6/°F
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Equation 4.14 adjusts the measured strain for the thermal effects encountered by the concrete.

Corrce =(Temp -T,) * (Eqn. 4.14)
where Corrce = Correction Factor for the Concrete
B= Coefficient of Expansion for the Concrete, 5.5x10-6/°F

These correction factors (Equation 4.13 and 4.14) are then added to the results of Equation 4.12 to

find the actual strain in the concretein Equation 4.15.

Actstrain = Indchange + Corrme +Corrce (Eqn. 4.15)

where Actstrain = Actual Strain in Concrete

The stress is found by multiplying the Actstrain by Young’s modulus.

4.5  Slab/Base Interface Pressure Calculations

Each pressure cell was calibrated in the laboratory before field installation. All vibrating
wire pressure cells were read using a Geokon GK-401. The semiconductor pressure cells were read
on the EGAA and RTM systems. Semiconductor pressure cells gave a voltage differential as their
output. This was multiplied by the CGER determined calibration factor to find the pressure. The
RTM software was programmed to calculate pressure in the field for environmental testing. For

FWD testing the calibration factors were entered manually.

4.6 Soil Moisture Calculations
Ledieu’s calibration is recommended by Campbell Scientific, Inc., to find the volumetric
water content. The TDR cable tester measures the velocity of the propagation wave sent through the
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soil between the two probes. Software is provided that uses Equation 4.16 to calculate the

volumetric water content.

0.1138
W,=———=0.1758 (Eqn. 4.16)

where W, = Volumetric Water Content (V is percent value)

v,= Propagation Wave Velocity, m/s

When the data was brought back to the lab it was converted into the more familiar soil moisture

content. Lambe and Whitman (8) define soil moisture content as:

(Eqn. 4.17)

where w=  Soil Moisture Content (SM is percent value)

W, = Weight of Fluids

W,= Weight of Solids

Densities of the base and subgrade material have been determined by ODOT. For the A304
crushed limestone base, the density is 2.24 grams/cubic centimeters, and 1.72 grams/cubic

centimeters for the subgrade. The derivation of Equation 4.18 gives the equation for soil moisture

content used in the lab.

V. xy * 174
we gy (BT Ty (Eqn. 4.18)

VS*Y.Y g*ps pS

where V,and V,= Volume of Water and Solids, cm?
v.and y,= Specific Weight of Water and Solids, N/cm’

g= = Gravity, m/s?

Py = Density of Water, 1 g/cm”3
W, = Volumetric Water Content
p; = Density of Soil
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4.7  Environmental Data Analysis Procedures

Data files from the RTM software were saved in ASCII format. Each file was imported into
Axum 3.0, a graphing software by TriMetrix Corp. of Seattle. Washington. RTM saved six data
points to a file every half hour using the process discussed in Section 3.2.2. These six points were
averaged to produce a single point. This procedure ensures that vehicle loading did not affect the
readings, and the responses read by the instruments were those caused by environmental changes.

Once the data were corrected and a zero reference selected (see Section 4.7.1), they were
plotted as a function of time. Two graphs were created for each slab: one for the reactions of the
strain transducers and Carlson gauges, and the other for deflections of the two LVDTs at the
transverse centerline. For slabs with five LVDTs instead of two, a third graph showing the
deflection at the west joint of the slab was also plotted. Appendix B contains complete sets of
graphs for the Fall 1993 and Spring 1995 tests.

4.7.1 Reference Position for Environmental Testing

The primary source of environmental strain and displacement was slab curl. Solar radiation
heats the slab during the daytime hours. At night the heat dissipates into the cool night air. Since
the pavement was heated and cooled at the surface, a temperature gradient develops which caused
the slab to curl. When the temperature differential was greater than zero, that is when the
temperature at the top was higher than at the bottom, the slab curled concave down. Similarly, when
the temperature differential is negative, the slab curled concave up. A diagram showing the effects

of curling on the slab is given in Figure 4.1
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t Temp. @ 1" < Temp. @ 10"

Increasing Temprature Gradient
Concave Up

Temp. @ 1" > Temp. @ 10"

Decreasing Temprature Gradient
Concave Down

Figure 4.1 Slab warpage due to temperature gradient.

When exposed to a heat source, pavement materials experience some degree of therm

al
1iai

constant with depth, there was no warpage and therefore no vertical displacement.

expansion. If the slab is unrestrained, it will expand and strain, but no stress will develop. The
instrumented concrete slabs were restrained at the joints, and therefore, developed stress under

thermal expansion. When there was no temperature gradient in the slab, i.e., the temperature was

After data were collected and brought back to the laboratory, the temperature differential was

“zeroed” at that point in time.

FWD Data Analysis Procedures

plotted and the time when temperature was approximated as zero was determined. Correction and

calibration factors for LVDTs, strain transducers and Carlson gauges were applied, data were

The process of analyzing the data recorded in the falling weight test was different than that
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used for environmental testing. First, data from the LVDTs, strain transducers, and embedment-

strain gauges were filtered as described in Section 4.8.1. The filtered data were imported into Axum



and one “drop” was graphed for each gauge. The peak value was found and the magnitude was
recorded. The peak values of deflections were compared to those determined by the geophones on
the FWD trailer.

4.8.1 FWD Data Filtering

Unlike the environmental tests where data were collected for several days, the purpose of the
FWD tests were to monitor the instantaneous, low level response of the gauges to an applied load.
Thus, the data acquisition system must be highly sensitive. The amplifiers, at this level of
sensitivity, are susceptible to picking up unwanted electrical noise. To eliminate this noise, data
from the embedment strain gauges, strain transducers, and vibrating wire pressure cells were filtered
using a program developed by CGER personnel. Filtering the data involved converting the binary
data files created by the EGAA software into a Fast Fourier Transform (FFT). A low pass frequency
routine then cleaned the data of noise at or below a user specified level, usually about 50 Hz. The
final step was to run the files through a second program that converted the file back into ASCII
format for use in Axum.

Figures 4.2 and 4.3 show examples of the two types of plots created from the filtered data.

Plots were used to determine the induced stress or displacement for each gauge.
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Figure 4.2 Example FWD graph for displacement.
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Figure 4.3 Example FWD graph for induced stress.
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Chapter 5
Environmental and FWD Test Results
5.1 Introduction

Five environmental and four FWD tests were conducted in this investigation. This chapter
presents the results of these tests in tabular format for comparison to slab response. A discussion
about the performance of instrumentation and response of concrete slabs is also presented in this
chapter.

5.2 Environmental Testing Results

Strain and movement in the concrete slabs is due to temperature and moisture gradients.
Since change of moisture in the concrete along the slab was not recorded, this additional variable
was not incorporated in the investigation. Figures 5.1 and 5.2 show examples of temperature
distribution for the slab centerline and slab joint. Temperatures were measured at 1 in., 4 in., 7 in.,
and 10 in. levels, with respect to thickness of the slab. In past analyses of rigid pavement response
to environmental factors, the temperature distribution was assumed to be linear, with respect to
depth, and the same throughout the slab. Examination of Figures 5.1 and 5.2 reveals that the change
in temperature close to the joint and away from the joint varies highly nonlinearly, with respect to
depth, and there is a major difference between the temperature distributions. To analyze the
environmental response of the slabs, these phenomena must be incorporated.

Data selected from that collected during environmental testing through the depth of the slab
are presented in Tables 5.1 through 5.36. For each slab a curve showing the temperature differential
in the depth of the slab versus time was plotted. Temperature maximum and minimum differential
points were determined. Magnitude and sign of displacement or stress were recorded for each gauge
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Table 5.1 Slab 1, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
-10.2 9.5 -18.1 16.5 19.5 -18 -26 17.5 20.9 9

Table 5.2 Slab 1, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\% SM v SM A" SM \Y% SM \Y% SM
MCO1 14.2 6.3 7.9 3.5 18.6 83 - - 273 12.2
MCO02 | 443 | 256 | 192 | 1Ll | 462 | 269 - - 231 | 134
MCO03 19.3 8.6 9 4 24.9 11.1 - - 25.5 11.4
Table 5.3 Slab 1, change in stress due to temperature differential.
Change in Stress (psi)
Cauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 95 77 119 119 172
STO2 76 60 113 108 150
CS01 2 45 255 - 61

Table 5.4 Slab 1, change in displacement due to temperature differential.

Change in Displacement (milli-inches)

Gauge - -

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
Lvol 3 0 10 8 -
LV02 1 ~13 10 1 6
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Table 5.5 Slab 2, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time | ATd Time ATd Time ATd Time
-13.6 16 -10 15.5 -26.7 12.5 -18.1 16 -18.8 16

Table 5.6 Slab 2, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\% SM \% SM \" SM \Y% SM v SM
MCo01 17.7 7.9 15.2 6.8 22.6 10.1 27.4 12.2 - -
MC02 | 466 | 269 | 185 | 108 - - - - - -
MCO03 13.4 6 23.5 10.5 - - - - - -
Table 5.7 Slab 2, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 100 18 288 8 33
STO02 61 65 225 32 29
CS01 8 27 205 132 104
Table 5.8 Slab 2, change in displacement due to temperature differential.
Change in Displacement (milli-inches)
Cavge Fall '93 Winter '93 . Spring '94 Summer '94 Spring '95
LVO01 2 - 4.5 3 8
LVv02 0 - 5 - 10
LVO03 10 - 36 39 20
LV04 9 - 44 40 -
LVO05 11 - 66 58 42

45




Table 5.9 Slab 3, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall'93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
18.4 14 -9.9 14 23.8 8 -18.1 16 25.2 18.5

Table 5.10 Slab 3, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\Y SM \ SM \Y% SM \ SM A% SM
MCO01 11.9 5.3 13 5.8 15.1 6.7 183 8.2 19.5 8.7
MC02 174 7.8 16.6 9.6 18.2 10.6 233 13.5 20 11.6
MCO03 13.6 6.1 18.1 8.1 23.4 10.4 21.7 9.7 20.2 9
Table 5.11 Slab 3, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 116 38 44 161 197
ST02 72 55 119 146 208
CS01 55 27 112 153 205

Table 5.12 Slab 3, change in displacement due to temperature differential.

Change in Displacement (milli-inches)

Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVO1 4 18 12 3 13
LVO02 0 - 9 . -
LV03 8 - 24 37 31
LVo04 9 - 33 42 -
LVO05 16 - 49 58 48
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Table 5.13 Slab 4, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
12.6 7.5 15.2 9 28.4 7.5 -23 18.5 25.8 11.5

Table 5.14 Slab 4, volumetric water content and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\% SM v SM A\ SM \Y% SM v SM
MCO01 13 5.8 7.6 34 16 7.1 26.5 11.8 - -
MCO02 26.8 15.5 13.8 8 26.1 15.2 - - - -
MCO03 17 7.6 8 3.6 27.8 12.4 23.4 10.4 - -
Table 5.15 Slab 4, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 "Spring '94 Summer '94 Spring '95
STO1 111 130 235 216 83
ST02 135 129 317 241 106
CS01 53 49 135 - 95

Table 5.16 Slab 4, change in displacement due to temperature differential.

Gauge

Change in Displacement (milli-inches)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVO01 1 0 2 6 13
LV02 1 1 1 2 12
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Table 5.17 Slab 5, maximum temperature differential and associated period of time.

Change in T emperatﬁre Differential (°F) vs. Time (hrs)

Fall'93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
17.4 22 -22.8 8.5 -28.6 30 18.2 11.5 27.2 8

Table 5.18 Slab 5, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\' SM v SM \' SM \' SM \' SM
MCO1 11.8 53 11.5 5.1 9.2 4.1 17.6 7.9 242 10.8
MC02 24.7 14.3 14.1 82 214 12.4 279 16.2 14.1 8.2
MCO03 15.5 6.9 12.6 5.6 14.6 6.5 29.6 12 33.1 14.8
Table 5.19 Slab 5, change in stress due to temperature differential.
Change in Stress (psi)
. Fall '93 Winter '93 .Spring '94 Summer '94 Spring '95
STO1 102 178 - - 155 -
ST02 141 192 303 240 -
Cs01 45 - 230 - 152

Table 5.20 Slab 5, change in displacement due to temperature differential.

Change in Displacement (milli-inches)

Cauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVOl 3 5 7 8 9
LV02 3 2 4 1 7
LVO03 7 13 27 17 40
LV04 13 22 42 23 -
LVO05 21 30 59 35 52
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Table 5.21 Slab 6, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd | Time | ATd | Time | ATd | Time | ATd | Time | ATd | Time
18.6 10.5 16.5 11.5 -16.3 14 25 7 18.2 11

Table 5.22 Slab 6, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\Y% SM \% SM A SM \ SM \Y SM
MCO1 11.8 5 11.7 52 14.1 6.3 20.5 9.2 243 10.8
MCO02 24.7 14.3 16.9 9.8 26.2 152 - - - -
MCO03 15.5 6.9 18.6 8.3 204 9.1 23.1 10.3 - -
Table 5.23 Slab 6, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 167 135 152 216 177
ST02 140 125 140 208 186
CS01 66 77 70 105 110

Table 5.24 Slab 6, change in displacement due to temperature differential.

Gauge

Change in Displacement (milli-inches)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVO1 1 2 4 - 8
LV02 0 0 0 7 3
LVO03 8 - 11 43 37
LVO04 14 - 14 74 74
LVO05 19 - 20 108 61
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Table 5.25 Slab 7, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)

Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
12.6 7.5 -15.2 9.5 23.2 5.5 -22.6 16.5 -19.5 7.5

Table 5.26 Slab 7, volumetric water content readings and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\ SM \Y% SM \ SM \' SM \Y SM
MCo1 142 6.4 6.3 2.8 13.7 6.1 225 10 234 10.8
MC02 35 20.2 17.3 10 412 24 - - - -
MCO03 18.7 8.3 9.4 4.2 19.7 8.8 30.1 13.4 26.7 11.9
Table 5.27 Slab 7, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO! 133 137 208 136 124
STO02 121 121 183 114 131
CS01 84 134 125 131 145

Table 5.28 Slab 7, change in displacement due to temperature differential.

Change in Displacement (milli-inches)
Gauge . _ )
Fall'93 Winter '93 Spring '94 Summer '94 Spring '95
LVO1 8 3 18 21 17
LV(2 4 1. 9 10 9
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Table 5.29 Slab 8, maximum temperature differential and associated period of time.

Change in Temperature Differential (°F) vs. Time (hrs)
Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
16.6 6.5 -19.3 8 -24.2 9 28 8 22.1 11
Table 5.30 Slab 8, volumetric water content readings and soil moisture content.
Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)
Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\' SM \Y SM \ SM \Y SM \% SM
MCO1 - - 74 33 9.3 42 15.2 6.8 21.6 12.2
MC02 - - - - - - - - - -
MCO03 - - 11.7 5.2 3.1 1.4 21.9 9.8 27.3 12.2
Table 5.31 Slab 8, change in stress due to temperature differential.
Change in Stress (psi)
Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 84 148 195 140 -
STO02 81 122 166 - -
CS01 21 69 87 129 137

Table 5.32 Slab 8, change in displacement due to temperature differential.

Change in Displacement (milli-inches)

Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVO1 6 12 6 20 24
LV02 4 7 11 11 12
LVO03 5 10 9 19 27
LV04 11 20 i8 38 -
LVO05 16 28 30 48 52

51




Table 5.33 Slab 9, maximum temperature differential and associated period of time.
e ]

Change in Temperature Differential (°F) vs. Time (hrs)
Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
ATd Time ATd Time ATd Time ATd Time ATd Time
-10.2 18 -20.7 16 16.4 9 -27 15 29.7 11.5

Table 5.34 Slab 9, volumetric water content readings, and soil moisture content.

Percent Volumetric Water Content (V) and Percent Soil Moisture Content (SM)

Probe Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
\ SM \ SM \Y SM \' SM \Y SM
MCO1 9.3 6.5 15.9 7.1 18.3 82 26.8 12 274 12.2
MCO02 17.3 10.1 30.3 17.6 329 19.1 - - - -
MCO03 11.2 8.6 23.7 10.6 26.4 11.8 30.1 13.4 24.3 10.8
Table 5.35 Slab 9, change in stress due to temperature differential.
Change in Stress (psi)
Cauvge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
STO1 62 154 100 119 150
STO02 74 128 91 85 170
CS01 30 78 - 47 117

Table 5.36 Slab 9, change in displacement due to temperature differential.

Change in Displacement (milli-inches)

Gauge Fall '93 Winter '93 Spring '94 Summer '94 Spring '95
LVOl 3 13 1.5 9 34

LV02 1 - - 21 -

LVO03 2 17 19 18 -

LVv04 3 15 23 31 - "
LVO05 7 48 33 38 - "
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at these points. The difference in the readings was calculated.

Data recorded from each slab are presented separately in four tables. Each table contains the
data from five environmental tests for the slab. The first table shows the maximum temperature
differential and the time period for which it occurred. A change from the maximum to the minimum
temperature was considered positive, while a change from minimum to maximum was negative. The |
second table lists the volumetric water content readings taken at the site, and the calculated soil
moisture content. Values for the change in stress are presented in the third table. Change in
displacement for each LVDT on the slab is presented in the fourth tab}e. The magnitudes are listed
without regard to direction of slab movement.

Slab stress was calculated from temperature, measured close to the gauges, and strain
measurement. The effect that temperature has on pavement stress is very important. A further
analysis that included the complete temperature profile would greatly improve the accuracy of stress
calculations because the temperature gradients result in stresses several times larger than stresses due
to vehicle loads.

The maximum temperature differential occurred for slab nine during the Spring 1995 test.
A temperature differential of 29.7°F was measured over an eleven hour period during the April 2
test. Slab six encountered the maximum displacement differential, at OV05, of 108 milli-inches
during the Summer 1994 test. A maximum stress differential of 303 psi was encountered by T02
on slab five during the Spring 1994 test. Table 5.37 shows the maximum displacement and stress

differentials encountered for each test.
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Table 5.37 Maximum deflection and stress differentials for all five environmental tests.

Maximum Induced Displacement Maximum Induced Stress
Test Displ. | A°F/ Stress A°F/
Slab Gauge | x10”-3 | hour Slab Gauge psi hour
inches

Fall ‘94 5 LVO0S 21 17.4/ 6 STO1 167 18.6/
22 10.5
Winter 9 LVO05 48 20.7/ 5 ST02 192 22.8/

‘94 16 85
Spring 2 LVOS 66 26.7/ 5 ST02 303 28.6/

‘94 12.5 30
Summer 6 LVO05 108 25.0/ 4 ST02 241 23.0/
‘94 : 7 18.5
Spring 6 LVO05 61 18.2/ 3 ST02 208 25.4/
‘08 11 18.5

5.3  Discussion of Environmental Testing Results

The soil moisture data reveal that the base moisture content only slightly changed during the
testing period. However, the subgrade moisture varied with season and length of concrete slab. In
general, the moisture level was higher in the fall and spring than in other tests. Moisture was
generally larger in the 21 ft. concrete pavement slabs and more at the joints than the center. The
largest volumetric moisture level was 46.6 in Fall 1993 in slab two, a 60 ft. slab.

Deflection and stress were examined as a function of environmental temperature difference.
Maximum deflections were measured at the joints of the 40 ft. slabs which appears to be sufficient
length to develop large environmental deflections. The deflection in the center of these slabs
experienced the least change. For all slabs, the center wheelpath deflection measured about the same
magnitude. All deflections had a similar pattern: at the joint, the centerline deflection was least, the

wheelpath next, and the corner experienced the maximum deflection as expected. The maximum
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value of deflection was measured as in the Summer, 1994. The change in temperature differential
was 25°F. The change in deflection of the corner of slab 6 (40 ft. slab) was 108 milli-inches.
Deflections depend on temperature and moisture gradients. in general, Spring readings were
maximum when temperature gradients were high.

The maximum stress change over the measurement period, not absolute stress magnitude,
corresponded to temperature gradient and slab deflection. Absolute temperature when the concrete
was placed and curing procedures followed during paving are important since the initial shape will
determine joint openings and residual stresses. These initial parameters were not established,
however, the change in the slab stress was very high. The maximum value for change of stress was
317 psi in slab 4 (40 ft. slab) in the Spring 1994. The temperature gradient was 28.4°F.

There was a strong correlation between stress and temperature differential. As the
temperature differential change, the level of stress changes. The state of stress is indicated by
considering the shape of the slab and magnitude of the tempefature differential. A negative
temperature differential, which generally occurs at night during the spring and fall, gives the
maximum deflection and stress condition.

5.3.1 Slab Cracking Due to Environmental I.oads

Careful examination of the data for slab two gives some insight into the development of
cracking and the resulting stress relief. VCracks for slabs two and four occurred near the longitudinal
centerline of the slabs. The crack on slab two lay 11 inches west of the centerline. The crack on slab
four lay 2 inches east of the centerline. On slab three, the crack started 93 inches west of the
centerline and proceeded diagonally across the slab.

Strain transducers were positioned to measure the bending stresses caused by the curling of
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the slab. Temperature differentials of 13.6 and -26.7°F were measured in the Fall 1993 and Spring
1994 tests. The strain transducer at the transverse centerline of the slab, ST01, read a change in
stress of 100 psi in the Fall, and 299 psi in the Spring. STO02, which lies in the wheelpath, read a
change in stress of 61, and 225 psiv for the two tests. During the Summer 1994 test, with a
temperature differential of 18.1°F in the concrete, stresses measured by STO1 and ST02 were only
33 and 29 psi.

One possible explanation for the drastic reduction of infiuced bending stress would be the
development of a crack near the center of the slab. Slab two mlixst have cracked between April 28
and August 30, 1994, the dates marking the end of the Spring am‘i the beginning of the Summer test.
Note that the Carlson Strain Meter, which measures the axial stress as described in Section 2.6.4, still
read significant axial strain (see Table 5.7). Similar results are apparent from examination of the
data in Table 5.15 for slab four. Also, notice that the magnitude of stress measured by ST01 and
STO02 drops drastically from thé Summer 1994 test to the Spring 1995 test, even though the
temperature differentials are approximately the same. Slab three developed a similar crack during
the Spring 1995 environmental testing period. Photographs of cracks are given in Figure 5.3 through
5.5.

5.3.2 Problems Encountered During Environmental Testing

During the Summer 1994 test, frequent thunderstorms caused short breaks in the supply of
electricity. Because of the power outage, the computer would shut down and have to be restarted
when CGER personnel arrived. Wiring used to complete the bridge for the Carlson strain meters
became loose during the Summer 1994 test. The problem was not found and corrected until after
three slabs of data had been recorded. These problems were easy to correct and resulted in minimal
loss of data.

56




s

e

—

P~

Prmnay

Figure 5.3: Tranverse Crack in Slb 2

Figure 5.4: Transverse Crack in Slab 3
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More serious problems occurred with the LVDTs, soil moisture probes, and the strain
transducers: Environmental problems arose with the LVDTs when water and dirt penetrated the
SLD.' The movable core of the LVDT was exposed when the LVDT was compressed. Freezing
temperatures during the winter test caused water clinging to the shaft to freeze, and so restrict the
movement of the core. Once thawed, the LVDTs performed normally. A displacement versus time
plot for a frozen LVDT appears to drift without regard for the cilange in temperature differential.

CGER personnel took the opportunity during the August and November 1994 FWD test to
clean several of the LVDTs. As the accumulation of dirt on the core prevented smooth movement,
the displacement versus time curve became choppy with unreliable readings. The LVDTs performed
normally after cleaning. Data from frozen or choppy LVDTs are not presented.

Figure 5.6 presents a diagram of the connection of a soil moisture probe to a lead wire. A
serious problem developed with these connections. Corrosion of the screws connecting the probes
to the lead wires caused deterioration of the signal quality. The corrosion resulted from exposure
to moisture. Of the probes located in the subgrade where the soil moisture content was highest, five
of the eight ceased to give data by the Summer of 1994. A crack in the pavement was noted which
may have allowed water infiltrate into the base and increase the local soil moisture content. Probes
at the transverse contraction joint failed for three slabs by the Spring of 1995. Transverse cracks
were observed in slabs two and four by the Spring of 1995. The only soil moisture probes, located

directly beneath the center of the slab, to fail were those under slabs two and four.
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Figure 5.6 Detail of screws on a soil moisture probe.

Lead wires for a sensor must be long enough to reach the data acquisition system connections
on the concrete pad. Several of the manufacturers supplied sensors that had leads of insufficient
length. Splicing was required in these cases. In an attempt to protect splices from damage, all
splices were covered with silicone gel and protective heat shrink wrapping. A plastic harness was
used to provide further protection for splices used in.the strain transducer circuit. Lead wires were
buried with the splices directly beneath the berm. Ninety-nine percent of the splices on this project
functioned perfectly. However, the strain transducer splices for slabs five and eight grounded out.
The development of cracks may have allowed water to infiltrate. This could explain the “on again,
off again” behavior of both strain transducers. A plot of strain versus time shows that strain drifts
beyond an acceptable magnitude. At other times these gauges functioned normally. On April 2,
1995, three strain transducers were checked in the field. None of the gauges balanced, and three
resistances were well over 350Q. As each gauge was wired to the balance box, the magnitude of the
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measured strain continually floated upwards. This indicated a defective circuit.

Ninety-two percent of the gauges survived the duration of the project. Table 5.38 provides

a list of those that did not survive and a brief explanation of the cause.

Table 5.38. List of gauges that did not survive the project.

Gauge Slab | Notes
STO1, 5 Cause of failure believed to be moisture penetrating splice
ST02 connection located under berm. Gauge will not zero.
ST02 8 Same as ST02 on slab 5.
LV02 2 Lead wire cracked off at joint with core. Failure caused by small
crack created during installation and aggravated by vibrations
caused by traffic.
LV02 3 Grounded to base plate.
MCO02 8 Lead wires cut by contractor.
MCO1 2,4 Corrosion of connection due to exposure to high soil moisture
content caused by seepage through a crack at the centerline.
MCO02 2,4, | Corrosion of connection due to exposure to high soil moisture
6,7, | content in the subgrade.
8,9

MCO03 2,4, | Corrosion of connection due to exposure to high soil moisture
6 content caused by seepage through the expansion joint.

5.4  Falling Wéight Deflectometer Test Results

When compared to readings away from the slab centerline, a significantly smaller increase
of stress occurred in the wheel path than at the slab centerline; generally of the order of 20%. In
every case the top gauge measured an increase in compressive stress while the bottom gauge
measured an increase in tensile stréss indicating that the slab behaved as a plate in bending when

subjected to the load. However, the magnitude of these changes varied for each pair of gauges.
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These differences indicate that possible variations in gauge placement may have occurred during the
installation process.

Despite efforts to place the gauges at consistent depths within the concrete, by the nature of
the paving equipment, the thickness of the slab could have varied by up to 0.5 in. Since the depth
of the gauges was controlled by the height of the stainless steel sleeve resting on the base material,
if the slab thickness varied, then the depth of the gauges would also change. The thickness of the
slab varies with the distance of the neutral axis to the sensors. Instead of the gauges being
equidistant from the neutral axis at depths of 1.5 and 8.5 inch in a 10-inch slab, they conceivably
couid have ended up ai depths of 1 and 8 inches in a 9.5 inch slab, in which case the top gauges
would be further and the bottom gauges closer to the neutral axis, or at depths of 2 and 9 inches in
a 10.5 inch slab, in which case, the top gauges would be closer and the bottom gauges further from
the neutral axis. The latter was found‘to be the case in a core sample taken of a pair of “dummy”
gauges installed to check the installation process.

The core sample was taken through the gauges to determine their depth within the slab. The
sample measured about 10.25 inches thick and the gauges were located at depths of 2 and 8.5 inches,
respectively. In this case, the top gauge was located 0.25 inches closer to the neutral axis than the
bottom gauge, but due to the possible variation in slab thickness, this may not be the case with a
sample taken from another slab.

The position of the gauges, with respect to the neutral axis, was of concern since larger
stresses were expected at the extreme fibers of the cross section. Optimally, the slab thickness would
have consistently been 10 inches and the top and bottom gauges would have measured equal but
opposite changes in stress. Since equal but opposite changes were rarely encountered, it is logical
to assume that the placement of the gauges relative to the neutral axis varied.
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Further inspection of the core sample revealed that the top gauge was tilted on its transverse
axis about 7 degrees and was about 15 degrees askew from the longitudinal centerline of the slab.
The strains measured by this gauge would have been in error by less than 5% due to tilting and
skewness.

Three drops per instrument was specified in April. The redundant test procedure showed
good repeatability of the embedment gauges. However, the LVDTs consistently measured anywhere
from 48% to 86% of the deflection measured by the geophones. This phenomenon tends to indicate
that the support for the reference rods used in the SLD assemblies must have moved with the
application of the impulse load. The accuracy of the SLD is based on the assumption that the
reference rod is anchored deep enough in the subgrade to resist deflection during loading of the
pavement layer.

For each gauge tested, a graph of gauge response versus time was drawn. The maximum
response was located and recorded. These values are presented in Tables 5.39 through 5.58.
Volumetric water content and calculated soil moisture content for each test are presented in Table

5.59. Table 5.60 summarizes the recorded values for the temperature differential during each test.

5.5 Discussion of FWD Testing Results

Tables 5.61 through 5.67 present the average values for gauge response for each FWD test.
As with the environmental data in Section 5.2.3, the values are separated by slab length.

The FWD tests produced superior data. The absolute maximum displacement occurred at
LVO4, on slab three, during the November 11, 1994 test. A displacement of 24.5 milli-inches was
recorded resulting from an applied load of 24,320 pounds. Deflection is largest at the joints for

63



Table 5.39 Slab 1, FWD induced stresses measured by CGER personnel.

Drop Ga}1ge Stress (psi)
Location | Monitored [, o) 4/18/94 8/2/94 11/21/94

ES03 ES03 47 73 77 i
ES04 67 129 515 ]

ES07 ES07 67 115 112 ;
ES08 57 101 12 .

ES11 ES11 54 98 107 ]
ES12 7 127 ; i

ST02 | STO2 60 i 55 ;

Table 5.40 Slab 1, FWD induced deflections monitored by CGER and ODOT personnel.

Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LV02 - - 6 10 15 10 - -
Table 5.41 Slab 2, FWD induced stresses measured by CGER personnel.
Drop Gauge Stress (psi)
Location | Monitored 1) 493 | 4718194 8/2/94 11/21/94
ES03 ES03 -46 -70 - -
ES04 64 83 - -
ESO07 ES07 -30 -101 -94 -
ES08 62 107 135 -
ES11 ESI1 -37 -108 103 -
ES12 56 - - -
ST02 ST02 87 - - -
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Table 5.42 Slab 2, FWD induced deflections monitored by CGER and ODOT personnel.

Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LV02 2 9 7 12 4 10 - -
LVO03 - - 10 14 - - - -
LV04 4 12 12 20 - - - -
LV05 - - 18 26 | - - : i
Table 5.43 élab 2, FWD induced vertical stresses measured by CGER personnel.
Pressure Cell Measured Vertical Stress (psi)
Tested 12/14/93 4/18/94
PC02 3.4 -
PCO3 8.7 6.4
Table 5.44 Slab 3, FWD induced stresses measured by CGER personnel.
Drop Gauge Stress (psi)
Location | Monitored |\ 103 | w1894 8/2194 11/21/94
ESO03 ES03 -35 -40 -30 -44
ES04 60 48 148 210
ES07 ES07 -47 -92 -19 -64
| ES08 54 102 63 37
ES11 ES11 -105 -108 -57 -
ES12 83 85 - -
ST02 ST02 - - - -
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Table 5.45 Slab 3, FWD induced deflections monitored by CGER and ODOT personnel.

Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LVO02 2 9 - - - - - -
LVO03 - - 8 14 18 11 - -
LVv04 9 11 10 15 13 11 24 13
LVO05 - - 10 19 10 14 - -
Table 5.46 Slab 4, FWD induced stresses measured by CGER personnel.
Drop Gauge Stress (psi)
Location | Monitored 1403 | 41894 8294 | 11/21/9%
ES03 ESO03 -51 -70 - -
ES04 115 118 - -
ES07 ES07 =72 -64 -40 -
ES08 131 128 132 -
ST02 ST02 98 - 93 -

Table 5.47 Slab 4, FWD induced deflections monitored by CGER and ODOT personnel.

Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
Lvo2 | 2 7 4 8 3 9 - -
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Table 5.48 Slab 5, FWD induced stresses measured by CGER personnel.

Drop Gauge Stress (psi)
Rocation | Monitored | 1403 | a/18194 82/94 | 11/21/9
ES03 ES03 -23 - - -15
ES04 50 93 - 346
ES07 ES07 -70 -100 - 102
ES08 104 108 91 -69
ST02 STO02 64 - 120 -
Table 5.49 Slab S5, FWD induced deflections monitored by CGER and ODOT personnel.
Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LVO02 2 8 7 9 5 9 - -
LV03 - - 6 10 - - - -
LV04 - - 8 14 14 11 8 13
LVO05 12 16 8 19 13 15 - -
Table 5.50 Slab 5, FWD induced vertical stresses.
Pressure Cell Measured Vertical Stress (psi)
Tested 12/14/93 4/18/94
PC02 12.5 4.4
PCO03 18.1 9.2
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Table 5.51 Slab 6, FWD induced stresses measured by CGER personnel.

Drop Gauge Stress (psi)
Location | Monitored 10, o3 | 4/18/94 8/2/94 11/21/94
ESO03 ES03 -80 -75 -90 -55
ES04 119 92 513 435
ES07 ES07 -78 -53 -50 -70
ES08 102 92 107 95
ST02 ST02 108 - 87 -70
Table 5.52 Slab 6, FWD induced deflections monitored by CGER and ODOT persénnel.
Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER [ ODOT | CGER | ODOT | CGER | ODOT
LVO02 4 9 - - 2 11 - -
LVO03 - - 6 11 - - - -
LV04 7 12 11 14 8 13 - -
LVO05 10 16 12 16 14 17 - -
Table 5.53 Slab 7, FWD induced stresses measured by CGER pelisonnel.
Drop Gauge Stress (psi)
Location | Monitored 1, o3 | 418194 8294 | 11/21/9
ESO03 ES03 -55 =77 - -
ES04 136 117 - -
STO02 ST02 65 - - .
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Table 5.54 Slab 7, FWD induced deflections monitored by CGER and ODOT personnel.

Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LV02 3 11 9 11 6 11 - -
Table 5.55 Slab 8, FWD induced stresses measured by CGER personnel.
Drop Gauge Stress (psi)
Location Monitored ’
12/14/93 4/18/94 8/2/94 11/21/94
ESO3 ES03 75 i 20 i
ES04 136 - 117 -
STO02 STO2 54 - -17 -
Table 5.56 Slab 8, FWD induced deflections monitored by CGER and ODOT personnel.
' Measured Deflection (milli-inches)
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER [ ODOT | CGER | ODOT
LV02 5 10 - - 6 10 - -
LVO03 - - - - 8 11 - -
LV04 5 13 - - 9 20 - -
LVO05 12 18 - - - - - -
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Table 5.57 Slab 9, FWD induced stresses measured by the CGER personnel.

Drop Gauge Stress (psi)
Location | Monitored ™\ 103 | anssoa 8/2/94 11/21/94
ES03 ES03 -79 -118 -66 -48
ES04 81 108 275 210
ST02 ST02 100 - 70 -
Table 5.58 Slab 9, FWD induced deflections monitored by CGER and ODOT personnel.
Measured Deflection (milli—inches)-
(CGER Monitored LVDT Response,
Gauge ODOT Monitored Geophone Response)
12/14/93 4/18/94 8/1/94 11/21/94
CGER | ODOT | CGER | ODOT | CGER | ODOT | CGER | ODOT
LVl - - - - 3 9 - -
LvVo2 | 2 10 - - 4 10 6 9
LVO03 - - 6 14 7 13 - -
LV04 5 13 15 21 12 20 3 13
LVO05 8 14 - - - - - -
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Table 5.59 Soil Moisture Probe readings in percent for the December, April and November

FWD tests.
12/14/94 4/18/94 11/21/94
Soil
Stab | Moistre | oy Soil Vol. Soil Vol. Soil
Water Moisture Water Moisture Water Moisture
Content Content Content
1 14.6 6.5 18.9 84 - -
! 2 - - 24.7 14.4 - -
3 - - 47.6 213 - -
1 17.1 7.6 224 10.0 - -
2 2 20.1 11.7 - - - -
3 36.6 16.3 - - - -
1 12.6 5.6 15.1 6.7 18.8 8.4
3 2 16.5 9.6 18.4 10.7 20.2 11.7
3 15 6.7 24.1 10.8 - -
1 13.1 5.8 17.7 7.9 - -
4 2 249 14.5 30 174 - -
3 17.5 7.8 21.5 9.6 - -
1 12.8 5.7 17.4 7.8 23.8 10.6
> 2 21.8 12.7 27.5 16 - -
3 16.3 7.3 29.1 16.9 - -
1 11.8 53 14.6 13 20.1 9
6 2 227 13.2 272 15.8 17.7 10.3
3 16.4 7.3 20.7 9.2 - -
1 10.8 4.8 14.5 6.5 - -
7 2 29.8 17.2 50.5 29.4 i i
3 15.5 6.9 20.9 9.3 - -
1 123 5.6 16 7.1 - -
8 > _ - ) i N _
3 14.9 6.7 232 10.4 - -
| 14.7 6.6 18.8 8.4 23.8 10.6
o 2 294 17.1 38 22.1 51.4 29.9
3 19.6 8.8 26.5 11.8 - -
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Table 5.60 Temperature differential readings recorded for each slab during FWD testing.

Temperature Differential Readings A°F
Stab 12/14/93 4/18/94 8/1/94 8/2/94 11/21/94
1 0.5 - 22.1 16.6 -
2 -0.9 1.9 20.6 11.2 -
3 42 12.3 204 8.4 7.9
4 24 13.2 14.8 6.1 -
5 1.1 17.4 13.6 6 7.7
6 2.7 12.6 12 5.3 5.7
7 0.6 - 9.3 -0.4 -
8 7.4 18.2 6.6 2.1 -
9 -2.3 3.8 3.4 -0.4 12.7
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Table 5.61 Average values for soil moisture content for 60, 40, and 21 foot slabs during FWD

testing. A
Soil Moisture Content [%]
Probes 12/14/93 4/18/94 11/21/94
60' 40' 21 60’ 40' 21 60' 40' 21
1 6.6 5.6 5.7 8.4 9.6 7.3 8.4 9.8 10.6
2 107 | 135 | 172 | 126 | 164 | 258 | 11.7 | 103 | 29.9
3 115 | 7.5 7.5 16.1 | 11.9 | 10.5 - - -
Table 5.62 Average values for induced stresses during FWD testing, 60' slabs.
. ) Induced Stress [psi]
Cange 12/14/93 4/18/94 8/2/94 11/21/94
ES03 -43 -61 -54 -44
ES04 64 87 332 210
ES07 -48 -103 -75 -64
ESO08 58 103 103 37
ES11 -65 -105 -89 -
ES12 70 106 - -
ST02 74 - 55 -
Table 5.63 Average values for induced stressés during FWD testing, 40' slabs.
' Induced Stress [psi]
Cauge 12/14/93 4/18/94 8/2/94 11/21/94
ES03 -51 =73 -90 -35
ES04 95 101 513 391
ES07 -73 =72 -45 -86
ESO08 112 109 120 82
ST02 90 - 100 70
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Table 5.64 Average values for induced stress during FWD testing, 21' slabs.

Induced Stress [psi]
Gauge 12/14/93 4/18/94 8/2/94 11/21/94
ESO03 -70 -98 43 -48
ES04 118 113 164 210
ST02 73 - 44 -

Table 5.65 Average values for induced deflections during FWD testing, 60' slabs.

Induced Deflection [x107-3 in]

Gauge 12/14/93 4/18/94 8/2/94 11/21/94

LV02 2 7 4 ;

LV03 i 9 19 ;
| Lvos G 3 13 25
| Lvos ! 14 10 ;

Table 5.66 Average values for induced deflections during FWD testing, 40' slabs.

Induced Deflection [x10”-3 in]
Gauge 12/14/93 4/18/94 8/1/94 11/21/94
LV02 3 6 4 .
LVO03 - 6 - -
LV04 7 10 1 8
LV05 11 10 14 :
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Table 5.67 Average values for induced deflections during FWD testing, 21' slabs.

Gauge Induced Deflection [x 107-3 in]

12/14/93 4/18/94 8/1/94 11/21/94
LV02 3 9 5 6
LVO03 - 7 8 -
LV04 5 15 11 3
LVO05 10 - - -

FWD tests with deflections increasing toward the corner. At the joint of the 40 ft. slab, the largest
average deflections for center, wheelpath, and corner were 8, 14, and 20 milli-inches. The lowest
average joint deflections were recorded in the 21 foot slabs for 4, 7, 12 milli-inches. The 21 foot
slab measured the highest average deflections of 4 milli-inches at the center.

Pressure cell data were only collected in December 1993 and April 1994. The highest
recorded pressures were reported at the corners of the slabs when compared to the center. The
maximum pressure recorded was 18.1 psi on the corner of a 40 ft. slab.

Stresses recorded on the 21 ft. slabs indicated the least difference between the induced
compressive and tensile stress at the centerline, indicating no relief cracking at the bottom of these
slabs. The average values recorded were -65 versus 275 psi for the 40 ft. slabs. Comparing
measurement locations of the 60 ft. slabs: centerline -50 versus 173 psi; off-center -‘72 versus 75 psi;
and joint -84 versus 88 psi. The maximum tensile stresses of 515 and 435 psi are too high to be
realistic. It appears that the concrete may have developed some micro-cracks along the bottom of
the slab, and thus, the modulus has been reduced. Damage of this type is observed in indirect
tension tests at high loads. The effects of creep in the concrete slab were not considered. Table 5.68
contains a summary of maximum displacement and stresses for each of the four FWD tests

performed. The third test was conducted over a two day period.
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Table 5.68 Summary of maximum displacement and stress for each FWD test.

Maximum Induced Displacement Maximum Induced Stress
Test Displ. Stress
Slab Gauge x107-3 Slab Gauge psi
inches

12/14/93 6 LVO05 12 8 ES04 136
4/18/94 2 LVO05 18 1 ES04 129

8/1/94 3 LV03 18 - - -

8/2/94 - - - 1 ES04 515
11/21/94 3 LVO04 24 6 ES04 435
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Chapter 6
Finite Element Modeling
6.1 Introduction
This chapter discusses the use of Finite Element Modeling (FEM) software to predict the
behavior of the slab under environmental and FWD loading. Results from the analysis are compared

to data recorded in the field.

6.2 FEM Software

Two different FEM programs are used to model pavement in this analysis. ILLI-SLAB is
used to model FWD testing. A program written by CGER personnel is used to model both FWD
and environmental tests.

ILLI-SLAB was developed at the University of Illinois, Urbana-Champaign during the
1980's. The program models pavement response to live loads. It uses four node, twelve degrees of
freedom quadrilateral plate elements (9). The subgrade is modeled using one of nine different
methods, including Winkler, Boussinesq, and Vlasov. ILLI-SLAB allows a maximum of nine slabs
in each of the horizontal directions. Slab thickness, modulus of elasticity of the slab and base
material can be assumed to be constant. Load transfer can be modeled by dowels, aggregate
interlock, a key way or a combination of the three modes. Multiple loads can be applied to the slabs.

For this analysis, the parameters consisted of two slabs in line with the load applied at the
location of an LVDT. The base was modeled as a Winkler foundation. Most of the required

material properties, such as slab thickness and Young’s modulus of the concrete, were already
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known. A modulus of subgrade reaction of 500 ksi/in was assumed. A different mesh was required
for each test to allow a finer grid to surround the point of loading.

6.2.2 CGER Software

The FEM program developed at CGER (10) uses the same element to model all parts of the
pavemént system. Three dimensional, twenty node brick elements are used for the concrete slab,
base, and subgrade. Each layer has its specific material properties applied to elements. Linear
elastic material is assumed. Load transfer can be modeled with dowels, ties, and aggregate interlock.
Ties were modeled as beam column elements to account for the bending and axial forces

£a. . 1 1o thanvnts
1 UIC UUWCIL 1D uIiCuliT

encountered for a rod bonded to concrete at both ends. Since one end o
considered free to slide into a socket, dowels were modeled as beam elements with no provision
made for axial stresses. In addition to loads, the CGER program has the ability to model curling due
to temperature changes. By inputting temperature at various points along its depth, the program can
model a deflection from a reference value where the slab is assumed to be flat.

One of the advanced features of this program is that it places an interface at the slab/base
juncture. The interface allows the slab and base to separate when the slab curls due to a temperature
gradient. Thus, the cantilever loading, caused by concave up curling, can be modeled. Interfaces
were also placed Between slabs to eliminate aggregate interlock with slab shrinkage, but allow it with
slab expansion.

Environmental and FWD tests can be modeled with this program. For both tests, the slab
dimensions, dowel dimensions, and material properties must be entered by the user. The program
automatically constructs a mesh using a mesh generator. When modeling environmental effects, the

maximum, minimum, and a reference temperature for points along the depth of the cross section are
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entered. For FWD loading, the magnitude and location of the load, and the temperature along the
depth are required. Similar output results for both types of testing. For environmental and FWD
analysis, the program determines the displacement at selected nodes, and the induced stresses at

integration points.

6.3 Environmental Test Modeling

For each of the first four environmental tests, the two slabs with the maximum and minimum
temperature differentials were considered for investigation. To ensure a representative sample of
the site, all lengths of slabs were modeled. Some substitutions were made to those slabs originally
selected to ensure that at least two each of the 21, 40, and 60 foot slabs were analyzed.

Selected data from environmental testing were compared to predictions generated by the
CGER program. The program input requires the temperature magnitudes at the 0, 2.5, 7.5, and 10
inch depths. Since the thermocouples were at 1, 4, 7, and 10 inch depths, the required values are
interpolated using a parabolic curve fit equation. Material properties such as the Young’s modulus
of concrete are known. The software has the capacity to determine stress and displacement at any
point in the slab. For these tests, the program calculated maximum and minimum stress or
displacement at the point where a strain gauge or LVDT was located. These values were compared
to the measured maximum and minimum values recorded for each gauge.

6.3.1 Environmental Test Modeling Results

Tables 6.1 through 6.8 summarize and compare the results of the FEM analysis generated
by the CGER program with data recorded in the field. The maximum value was taken at the point
where the temperature differential was maximum. The minimum value was taken at the point where
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Table 6.1 FEM predicted vs. actual stresses encountered during the Fall '93 environmental

test.
Slab 3 Slab 4
AT=18.4°F / 14 hrs. AT=12.6°F /7.5 hrs.

Gauge . .

FEM Predicted Actual FEM Predicted Actual

Stress [psi] Stress [psi] Stress [psi] Stress [psi]

Max Min Max Min Max Min Max Min
CS01 18 30 95 =22 12 5 6 -27
STO1 108 2 92 20 51 -44 38 =73
STO02 100 1 54 -1 47 -47 48 -87

Table 6.2 FEM predicted vs. actual displacements encountered during the Fall '93

environmental test.

Slab 4

Slab 3
AT=18.4°F / 14 hrs. AT=12.6°F /7.5 hrs.

Gauge ) ) '

FEM Predicted Actual FEM Predicted Actual

Displacement Displacement Displacement Displacement

x 10"-3 in x 10°-3 in x 10”3 in x 10”-3 in

Max Min Max Min Max Min Max Min
LVO01 42 -1.2 3 -1 1.4 24 0 -1
LV02 -0.1 0.6 0 0 0.4 0.9 0 1
LV03 54 3 -3 5 - - - -
LV04 1.8 54 -4 5 - - - -
LVO05 2.9 6.8 -8 8 - - - -




Table 6.3 FEM predicted vs. actual stresses encountered during the Winter '94 environmental
test. :

Slab 8 Slab 9
AT=-19.3°F/ 8 hrs. AT=-20.7°F / 16 hrs.

Gauge . i

FEM Predicted Actual FEM Predicted Actual

Stress [psi] Stress [psi] Stress [psi] Stress [psi]

Max Min Max Min Max Min Max Min
CS01 32 2 56 =32 60 15 76 -15
STO1 118 -42 92 -93 73 -42 107 -40
STO2 140 -30 93 -32 74 -40 89 -50

Table 6.4 'FEM predicted vs. actual displacements encountered during the Winter '94

environmental test.

Slab 8 Slab 9
AT=-19.3°F / 8 hrs. AT=-20.7°F / 16 hrs.

Gauge . .

FEM Predicted Actual FEM Predicted Actual

Displacement Displacement Displacement Displacement

x 10”3 in x 10”3 in x 10”3 in x 10”-3 in

Max Min Max Min Max Min Max Min
LVO0l 224 -2.5 13 22 3.8 -7.1 3 -1
LV02 7.8 -1.3 9 -14 0.8 -0.6 7 -1
LV03 9.2 5.7 9 0 -0.9 16.2 -6 8
LV04 08 . 93 4 4 -0.9 25 -12 8
LVO05 -6 11.2 -4 12 -2 34.6 -13 10




Table 6.5 FEM predicted vs. actual stresses encountered during the Spring '94 environmental

test.
Slab 3 Slab 4
AT=23.8°F / 8 hrs. AT=28.4°F /7.5 hrs.

Gauge ) .

FEM Predicted Actual FEM Predicted Actual

Stress [psi] Stress [psi] Stress [psi] Stress [psi]

Max Min Max Min Max Min Max Min
CS01 4 38 42 =23 43 31 113 -34
STO1 108 2 79 40 150 -53 137 -110
STO02 100 1 112 -1 140 -53 225 -88

Table 6.6 FEM predicted vs. actual displacement encountered during the Spring

envirgnmental test.

Aisaaw

Slab 3 Slab 4
AT=23.8°F /8 hrs. AT=28.4°F / 7.5 hrs.

Gauge ) .

FEM Predicted Actual FEM Predicted Actual

Displacement Displacement Displacement Displacement

x 1073 in x 1073 in x 1073 in x 10”3 in

Max Min Max Min Max Min Max Min
LVO01 4.2 -1.2 11 -1 10.7 -3.3 0 -2
LVO02 -0.1 0.6 2 11 53 1.4 -1 1
LVO03 54 3 -12 12 - - - -
LV04 1.8 5.4 -20 13 - - - -
LVO05 -2.9 6.8 -33 16 - - - -
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Table 6.7 FEM vs. actual stresses encountered during the Summer '94 environmental test.

Slab 3 Slab 9
AT=-18.1°F / 16 hrs. AT=-27°F /7.5 hrs.

Gauge ) .

FEM Predicted Actual FEM Predicted Actual

Stress [psi] Stress [psi] Stress [psi] Stress [psi]

Max Min Max Min Max Min Max Min
CSo1 -52 =31 53 -108 9 -16 - -
STO1 69 -83 108 -37 118 -45 114 -14
STO02 60 -79 108 -45 123 -42 65 -23

Table 6.8 FEM vs. actual displacements encountered during the Summer '94 environmental

test.
Slab 3 Slab 9
AT=-18.1°F / 16 hrs. AT=-27°F /7.5 hrs.

Gauge ) .

FEM Predicted Actual FEM Predicted Actual

Displacement Displacement Displacement Displacement

x 10"-3 in x 10”-3 in x 10”3 in x 10~-3 in

Max Min Max Min Max Min Max Min
LVvol 6 -3 10 -4 27.7 2.9 18 -3
LV02 2.6 0.4 - - 17.8 -1.3 8 -1
LVO03 3.8 2.2 -6 31 1.2 1.5 -5 10
LV04 -0.5 6.8 -9 33 -2.9 2.8 -16 14
LVO05 -5.6 11.1 -17 41 -12.2 5.5 =32 18

the temperature differential was minimum. Only limited agreement was found between the predicted
and field values of displacement and stress, with some values measured at the minimum temperature
gradient larger than values measured at the maximum temperature gradient. This is expected

because the initial conditions are unknown. The change of shape of the slabs that occurs during
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curing is unknown. Environmental conditions at the joints are unknown. The effect of the
temperature on the joint behavior is unknown. For instance, for the same temperature gradient, if
the total temperature is lower than the curing temperature, the joints will open slightly. On the other
hand, if the curing temperature is higher, then the joints will close. Each of these conditions will

have a major impact on the results predicted by FE program.

6.4 FWD Test Modeling

Both the CGER and ILLI-SLAB programs were used to model slab response under FWD
loading. From each test one slab was selected for modeling with gauges giving a representative
response. The CGER program required as input the magnitude of the applied load and the
temperature gradient at the time of loading. Material properties inputted were the same as those used
for the environmental tests. ILLI-SLAB requires an applied pressure and area of pressure
application. Material properties, such as slab thickness and the Young’s modulus of the co'ncreté
are known. The modulus of subgrade reaction of 500 ksi/in. was used for all tests.

6.4.1 FWD Test Modeling Results

Field recorded displacements are compared to the displacements measured by the geophone
on the ODOT deflectometer and with displacements calculated with ILLI-SLAB and CGER
programs. Table 6.9 summarizes the results. All units are in milli-inches.

The agreement of the magnitudes betweg:n the field data and the FEM estimated values is
excellent. All predicted and recorded values are within five milli-inches, with the worst agreement
between the CGER finite element program and the geophone measurement occurring in the
wheelpath and at the joint for the 60 ft. section (LVDT-04). Neither program matched the actual

values, but both gave results within an acceptable range.
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Table 6.9 Comparison of deflection [milli-inches] recorded in the field and estimated by FEM

software.
Slab 5 Slab 7 Slab 3 Slab 9
Winter '93 Spring '94 Summer '94 Fall '94
Applied Load 26000 25551 26112 24392
[pounds]
Gauge LVDT-05 LVDT-02 LVDT-04 LVDT-02
LVDT 12 9 13 6
.Geophone 16 11 11 9
ILLI-SLAB 14.0 8.0 8.2 7.6
CGER . 16.6 7.7 15.3 10.8
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Chapter 7

Conclusions

71 Instrumentation

Efforts made to secure the positioning of the LVDT housings and the stainless steel sleeves
used to install the strain gauges proved successful. All the housings maintained their positions above
the reference rods and all sleeves passed under the finishing machine without incident.

Strain transducers, embedment strain gauges, Carlson strain meters, thermocouples, and
pressure cells functioned satisfactorily. Problems.were encountered with three strain transducers and
one embedment strain gauge. Since all of the leads from these sensors were spliced, problems may
have occurred because of water infiltration. Soil moisture probes deteriorated over the data
collection time period. It is speculated that the screws used to secure the steel probes to the lead
wires were not able to withstand the corrosive environment.

No problems were encountered concerning the performance of LVDTs or the PML60
Embedment Strain Gauges. However, the LVDTs were found to be frozen during the winter session
of testing. Within the housings, embedded in the concrete, condensation tended to form. The
LVDTs circuitry is hermetically sealed in the body and there was no evidence of water infiltration
there. However, the moveable core is not sealed within the body. Consequently, when the slab
temperature became cold enough, condensation between the core and the body froze and the core
became stuck at the peak points of deflection. Normal condensation collected in the housings and
caused no other problems. Inspection of the LVDTs after four months of use showed no signs of
loosening in the LVDT clamp screws, thus eliminating any suspicion of the rigidity of the assembly.
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7.2 Environmental Factors

Some observations, consistent with expectations, can be made by examination of the
environmental data. The soil moisture content is affected by pavement cracks and joints. The data
collected from moisture probes at a pavement joint, when compared with data collected beneath the
slab center, show an increase of moisture up to 50% once the expansion crack develops at the joint.
Thermocouple data showed that the temperature gradient through the pavement cross section was
not linear, and consequently, the gradient must be modeled as a second degree polynomial when
analyzing slab response with a FE model. Temperatures not only vary with depth, but also with
distance trom joints.

Stresses within the concrete were monitored and compared with the temperature differential
between the top and bottom of the concrete slab. The responses indicate that deflection and stresses
due to curling of the pavement are more severe than those caused by traffic loading. When
comparing environmental stresses to FWD induced stresses, no attempt was made to account for (1)
moisture variations in the base and subgrade and (2) the change in modulus of concrete resulting

creep and micro-cracking.

7.3 Pavement Performance

The objectives set for this project have been met. Some conclusions can be drawn from the
data collected for this project:
. Deflection is largest at joints for both environmental and FWD tests. However, the twenty-

one foot slabs consistently measured the highest displacement at the center and the lowest
at the joint.
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7.4

Significant environmental stresses develop in all lengths of slabs. Forty foot slabs invariably
developed the largest stress differentials for all seasons.

Curling of the concrete slab as the result of temperature gradients produces significant stress.
Cracks usually develop at locations of maximum stress. Cracks formed at the longitudinal
center for the forty foot slabs, but away from the center for the sixty foot slabs.

Of the three lengths of slabs instrumented for this project, only the twenty-one foot slabs did
not experience any visible cracking.

FWD test results show that the difference is least between the induced compressive and
tensile stresses at the slab centerline for the 21 foot slabs, indicating no relief cracking at the

bottom of these slabs.

The results of this project suggest that the 21 foot slabs will be the most durable, based on
field measurements. :

The combination of environmental plus vehicle loading creates maximum pavement stress.
The stresses and deflections are not only affected by temperature gradient, but also total
temperature.

Recommendations

The following recommendations are provided to help with future pavement research.

More time should be scheduled to complete a FWD test. Only one test had more than one
day reserved for testing. As aresult, data from all sensors could not be recorded.

Deformations can be more easily recorded if the exposed core on the LVDTs is protected
from dirt and moisture.

Because environmental curling due to temperature was found to contribute to severe stress
conditions and pavement cracking, LVDTs should be placed at both joints, slab centerline,
and at intervals in between to provide a complete description of slab curling.

All three strain measuring devices, the LVDTs, and the thermocouples are essential for
measuring response of concrete pavement to environmental and live load. The pressure cells

and soil moisture probes were useful only as an indication of base and subgrade response.

On a project of this size, many people need access to the data files. A simple, standardized
format for naming and storing data is invaluable in eliminating confusion.
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Data collected on this project proved that significant magnitudes of deflection and stress
develop in a slab because of temperature gradients. More research is needed to incorporate
these factors into design procedures. Three-dimensional finite element modeling has been
shown to be an effective tool and will help achieve this goal.

When the finite element method is used to model deflection and stress due to temperature
gradient, consideration must be given to variation of temperature along the slab length.
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Instrumentation Layout
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Table A.1 Abbreviations used in instrument location coordinates.

CL./WP. Centerline / Wheelpath Lv__ ‘LVDT

ST Strdin Transducer TC__ Thermocouple

ES Embedment Strain Gage MC Soil Moisture Probe
CS= Carlson Strain Gage PC__ Pressure Cell
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Table A.2. Instrument layout for Slab 1 - 60 Ft.
Long. Trans. Vertical Notes

ESO1 S5"Rt. 72" 1.5" C.L..Top
ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.P. Bottom
ES05 118" Lt 72" 1.5" C.L. Top
ES06 " " 8.5" C.L. Bottom
ES07 " Gage 1.5" W.P. Top
ES08 " " 8.5" W.P. Bottom
ES09 239" Lt 72" 1.5" C.L. Top
ES10 " " 8.5" C.L. Bottom
ES11 " 30" 1.5" W.P. Top
ES12 " " 8.5" W.P. Bottom
CSo01 5" Rt. 25" 5" W.P. Middle
STO1 7" Lt. 72" 8" C.L. Bottom
STO02 " 30" 8" W.P. Bottom
TCO1 1" Lt. 68" - C.L.
TC02 348" Rt. 69" - West Joint
LVol1 17" Rt. 70" - C.L.
LVO02 19" Rt. 30" - W.P.
PCO1 32" Lt. 114" 10" Semi Conductor
PC02 31" Lt. 30" 10" Vibrating Wire
MCO01 0 72" 15" Base
MC02 0 72" 23" Subbase
MCO03 342" Rt. 80" 15" Base




Table A.3. Instrument layout for Slab 2 - 60 Ft.
Gage Long. Trans. Vertical Notes
ESO01 4" Lt. 72" 1.5" C.L. Top
ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.P. Bottom
ES05 122" Lt 72" 1.5" C.L. Top
ES06 " " 8.5" C.L. Bottom
ES07 " 30" 1.5" W.P. Top
ES08 " " 8.5" W.P. Bottom
ES09 241" Lt 72" 1.5" C.L. Top
ES10 " " g.s" C.L. Bottom
ES11 " 30" 1.5" W.P. Top
ES12 " " 8.5" W.P. Bottom
CS01 4" Rt. 30" 5" W.P. Middle
STO1 17" Lt. 72" 8" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 2" Lt. 84" - C.L.
TCO02 340" Rt. 98" - West Joint
LVO0l 19" Rt. 72" - C.L.
Lv02 16" Rt. 30" - W.P.
LVO03 344" Rt. 69" - C.L. @ Joint
LVvO04 343" Rt. 32" - W.P. @ Joint
LVO05 343" Rt. 11" - Edge @ Joint
PCO1 32" Lt. 114" 10" Semi Conductor
PC02 31" Lt. 30" 10" Semi Conductor
PCO3 340" Rt. 114" 10" Semi Conductor
MCO01 0 72" 15" Base
MC02 0 72" 23" Subbase
MCO03 342" Rt. 80" 15" Base

L
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Table A.4 Instrument layout for Slab 3 - 60 Ft.

Gage Long. Trans. Vertical Notes

ESO01 6" Lt. 72" 1.5" C.L. Top
ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.F. Bottom
ES05 119" Lt 72" 1.5" C.L. Top
ES06 " " 8.5" C.L. Bottom
ES07 " 30" 1.5" W.P. Top
ES08 " " 8.5" W.P. Bottom
ES09 239" Lt 72" 1.5" C.L. Top
ES10 " " 8.5" C.L. Bottom
ES11 " 30" 1.5" W.P. Top
ES12 " " 8.5" W.P. Bottom
CSo1 6" Rt. 42" 5" W.P. Middle
STO1 6" Rt. 72" 8" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 1" Rt. 76" - C.L.

TCO02 344" Rt. 92" - Joint

LVO1 19" Rt. 70" - C.L.

LV02 19" Rt. 30" - W.P.

LVO03 338" Rt. 74" - C.L. @ Joint
LV04 341" Rt. 31" - W.P. @ Joint
LVO05 338" Rt. 10" - Edge @ Joint
PCO1 31" Lt 114" 10" Vibrating Wire
PC02 31" Lt. 30" 10" Vibrating Wire
PCO3 342" Rt. 114" 10" Vibrating Wire
MCO01 0 72" 5" Base

MCO02 0 72" 23" Subbase
MCO03 342" Rt. 80" 15" Base
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Table A.5 Abbreviations used in instrument location coordinates.

C.L./W.P. | Centerline / Wheelpath LV__ LVDT

ST__ Strain Transducer TC__ Thermocouple

ES__ Embedment Strain Gage MC__ Soil Moisture Probe
_C_S_ Carlson Strain Gage PC__ Pressure Cell
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Table A.6 Instrument layout for Slab 4 - 40 Ft.

Gage Long. Trans. Vertical Notes

ESo01 0 72" 1.5" C.L. Top
ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.P. Bottom
ES05 121" Lt 72" 1.5" C.L. Top
ES06 " " 8.5" C.L. Bottom
ES07 " 30" 1.5" W.P. Top
ES08 " " 8.5" W.P. Bottom
CSo01 0 30" s" W.P. Middle
STO1 12" Lt. 72" 8" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 20" Lt. 81" - C.L.

TC02 217" Rt. 82" - West Joint
LVO1 19" Rt. 68" - C.L.

LVvo02 19" Rt. 30" - W.P.

PCO1 32" Lt. 114" 10" Semi Conductor
PC02 34" Lt. 30" 10" Vibrating Wire
MCO1 0 72" 15" Base

MCO02 0 72" 23" Subbase
MCO03 228" Rt. 80" 15" Base




Table A.7 Instrument layout for Slab 5 - 40 Ft.

Gage Long. Trans. Vertical Notes

ESO01 0 72" 1.5" C.L. Top

ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top

ES04 " " 8.5" W.P. Bottom
ES05 121" Lt. 72" 1.5" C.L. Top

ES06 " " 8.5" C.L. Bottom
ES07 " 30" 1.5" W.P. Top

ES08 " " 8.5" W.P. Bottom
CSo01 12" Rt. 30" 5" W.P. Middle
STO1 13" Lt 72" g" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 15" Lt. 81" - C.L.

TC02 226" Rt. 82" - Joint

LVo1 14" Rt. 71" - C.L.

LV02 15" Rt. 29" - W.P.

LVO03 218" Rt. 74" - C.L. @ Joint
LVO04 221" Rt. 30" - W.P. @ Joint
LVO05 221" Rt. 13" - Edge @ Joint
PCO1 30" Lt. 114" 10" Semi Conductor
PCO02 30" Lt 30" 1o" Semi Conductor
PCO3 219" Rt. 114" 10" Semi Conductor
MCO01 0 72" 15" Base

MCO02 0 72" 23" Subbase

MCO03 228" Rt. 80" 15" Base




Table A.8 Instrument layout for Slab 6 - 40 Ft.

Gage Long. Trans. Vertical Notes T
ESO01 3"Rt. 72" 1.5 C.L. Top
ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.P. Bottom
ESO0S 125" Lt 72" 1.5" C.L. Top
ES06 " " 8.5" C.L. Bottom
ES07 " 30" 1.5" W.P. Top
ES08 " " 8.5" W.P. Bottom
CS01 15" Rt. 31" 5" W.P. Middle
STO1 9" Lt. 72" 8" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 4" Lt. 79" - C.L.

TCO02 225" Rt. 85" - Joint

LVOl1 16" Rt. 74" - CL.

LV02 16" Rt. 26" - W.P.

LV03 218" Rt. 73" - C.L. @ Joint
LV04 219" Rt. 27" - W.P. @ Joint
LVO05 218" Rt. 12" - Edge @ Joint
PCO1 30" Lt. 114" 10" Vibrating Wire
PC02 30" Lt. 30" 10" Vibrating Wire
PCO3 216" Rt. 114" 10" Vibrating Wire
MCO1 0 72" 15" Base

MCO02 0 72" 23" Subbase
MCO03 228" Rt. 80" 15" Base
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Figure A.6 Plan view of instrumentation layout for a 21' slab.
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Figure A.7 Section view of instrumentation layout for a 21' slab.

Table A.9 Abbreviations used in instrument location coordinates.

CL./W.P. Centerline / Wheelpath LV__ LVDT

ST__ Strain Transducer TC__ Thermocouple

ES_ Embedment Strain Gage MC__ Soil Moisture Probe
CS__ Carlson Strain Gage PC__ Pressure Cell

v A

Yol



v

by

)

Table A.10 Instrument layout for Slab 7 - 21 Ft.

Gage Long. Trans. Vertical Notes

ESO01 3" Rt. 72" 1.5" C.L. Top

ES02 " " 8.5" C.L. Bottom
ES03 " 30" 1.5" W.P. Top
ES04 " " 8.5" W.P. Bottom
CSo01 0 42" 5" W.P. Middle
STO1 9" Lt. 72" 8" C.L. Bottom
ST02 " 30" 8" W.P. Bottom
TCO1 9" Rt. 82" - C.L.

TC02 121" Rt. 81" - Joint

LVo1 18" Rt. 72" - C.L.

LV02 17" Rt. 28" - W.P.

PCO1 31" Lt. 114" 10" Semi Conductor
PC02 34" Lt. 30" 10" Vibrating Wire
MCO1 0 72" 15" Base

MCO02 0 72" 23" Subbase
MCO03 108" Rt. 80" 15" Base
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Appendix B

Environmental Graphs
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