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PREFACE

The study reported herein was Jjointly sponsored by the Federal
Aviation Administration as part of Inter-Agency Agreement FATIWAI-218,
"Development of Airport Pavement Criteria," and by the Federal Highway
Administration under Order No. 1-102191, "Case Studies of Pavement Per-
formance." The study was conductec during July 19T71-March 19Th.

The study was conducted under the general supervision of
Mr. James P. Sale, Chief, Soils and Pavements Laboratory, of the U. S.
Army Engineer Waterways Experiment Station (WES). This report was pre-
pared by Messrs. Eugene C. Odom and Richard H. Ledbetter.

Directors of WES during the conduct of the investigation and the
preparation of this report were BG E, D, Peixotto, CE, and COL G. H.
Hilt, CE. Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted '

to metric (SI) units as follows:

Multiply

inches

feet

square inches

miles per hour

kips

pounds per square inch

pounds per cubic inch

2 Lames ma Pt

By
2.54

0.30L48
6.4516
1.6093u4k
L.L448222
0.6894757
0.0276799

To Obtain -

centimeters i

meters

square centimeters

kilometers per hour
kilonewtons

newtons per square centimeter

kilograms per cubic
centimeter
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INTRODUCTION

BACKGROUND

The tests reported herein were sponsored by the Federal Aviation
Administration (FAA) and the Federal Highway Administration (FHWA).
The prestressed concrete highway pavement evaluated was a part of the
airport road network serving the 1972 International Exposition
(TRANSPO T2) located near Dulles International Airport, Washington, D. C.
It was designed by the FHWA and constructed under its Research and Devel-
opment Demonstration Projects Program with the objective of demonstrating
that prestressed concrete pavement construction is practical and econom-

ically competitive with that of other types of pavements.
PURPOSE AND SCOPE

This report presents the data and an analysis resulting from a
series of tests conducted on the prestressed concrete highway pavement.
The tests consisted of measurements of stress and strain in the pre-
stressed concrete pavement soil system structure under various loading
conditions. Strain gages and pressure cells were installed by the U. S,
Army Engineer Walerways Experiment Station (WES) in two separate pre-
stressed concrete slabs and in the underlying subgrade to measure the
pavement response under load. The tests were designed to provide data
to assist in validating design criteria for airport pavements being
developed by WES for the FAA. Tests were conducted using a truck to
represent highway loads and a load cart equipped with one dual-tandem
component of a Boeing T4T aircraft main landing gear to represent air-
craft loadings.

Additional instrumentation was installed and tests performed by
the FHWA. The instrumentation and results of these tests are described

in Reference 1.
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CONSTRUCTION OF TEST ROAD

A detailed description of the construction of the test road at
Dulles is given in Reference 2. The test road (Figure 1) consisted of
a 24-ft-wide,* 3200-ft-long, 6-in.-thick roadway. The six prestressed
concrete slabs included in the roadway ranged in length from 40O to
760 ft. Each slab was prestressed to 200 psi at the slab ends by means
of twelve 1/2-in.-diam, T-wire, high-strength steel sirands placed on
2k-in. centers. These strands were located 1/2 in. below middepth of
the slabs. After the concrete was placed, a tensile force of 29 kips
(70 percent of ultimate strength) was applied on each strand.

The strands were stressed by hydraulic jacks bearing against
6-in. I-beams at the ends of each slab. These I-beams were part of the
expansion Joints between slabs and also helped to reinforce the pavement
at the joints. To provide working space for the prestressing process,
8-ft gaps were left between each prestressed rlab. After the prestress-
ing, the gaps were filled with reinforced concrete. ’

The prestressed pavement was constructed over a 6-in.-thick,
28-ft-wide cement-treated crushed stone base. The cement content of the
base was U percent by weight, and the crushed stone aggregate conformed
to the Virginia Department of Highways gradation size No. 21A.l The
gradation of the crushed stone aggregate is shown in the following

tabulation:

Sieve Size Percent by Weight Passing
2 in. 100 (min)

1 in. 95 +5

3/8 in. 67 +17

No. 10 38 +12

No. 40 21 ¥9

No. 200 10 +5

The subgrade consisted of a clay classified A-6(12) according to the
American Association of State Highway Officials (AASHO) Designation:

* A ‘able or factors for converting U. S. customary units cf measure-
ment to metric (SI) units is presented on page L.




M 1h5-663 (FAA E-T soil grouph) >verlying clay shale. Compaction

requirements for the A-6(12) materisl are not less than 95 percent of
maximum dry density. The final grade included both cut and compacted
111 sections with excavations into che clay shale in some of the cut

gsections.
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INSTRUMENTATION

Instrumentation for the prestressed concrete sections consisted
of strain sensors and pressure cells. These devices were installed at

various depths within the pavement structure in order to measure strain

and stress.

STRAIN SENSORS

The strain gages used, called strain sensors, were manufactured
by Bison Instruments, Inc. The strain gage system, which is described
in References 5 and 6, consisted of sensors and an external instrument
package. The sensors are individual disk-shaped coils, and their prin-
ciple of operation involves the mutual inductance coupling of any two
coil sensors which can be placed in one of three alignments with respect
to each other: lateral, parallel, or perpendicular. Only lateral and
parallel alignments were used in these tests. Separation of the ccils
is sensed by measuring the electromagretic coupling between the two
sensors. The change in electromagnctic coupling is a nonlinear function
of the relative movement of the coils; however, the change can be cali-
brated very accurately with resolution of spacing change better than
0.0001 in. The coils have no mechanical connection between them, and
they can be operated at any spacing between one and four times the nom-
inal coil diameter as long as there is no disturbance of the induced
electromagnetic field, such as metal between or around the coils.
Four-in.-diam coils were used in this study. Figure 2 shows two of the
coils in a micrometer calibration mount.

The external instrument package to which the sensors are connected
is a field-use instrument that contains all necessary driving, amplifi-
cation, balancing, readout, and calibration controls and has a self-
contauined power supply. Changes in coil spacing can be determined by
means of a bridge balance, meter deflection from zero, or voltage output
on a recorder connected to the rear panel of the instrument package.

The instrument package used for this study detected both static and dy-

namic strain. Response of the instrument was about 0.1 msec.
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PRESSURE CELLS

Vertical pressures were measured by WES soil pressure cells (Fig-
ure 3a) and by a URS pressure cell (Figure 3b). The WES cell, which is
described in References 7 and 8, is 6 in. in diameter and 1 in. thick
overall, It is fabricated from stainless steel and consists of a cir-
cular faceplate, provided with a peripheral slot that forms a flexural
Joint, welded at its perimeter to a thicker baseplate. A thin cavity
formed between the faceplate and baseplate is mercury filled so that
pressure on the faceplate is averaged and transmitted by the liquid to
an internal diaphragm. The diaphragm is formed by boring the baseplate
blank from the rear to provide an integral thin section that will deflect
linearly and consistently under loading. Affixed to the rear of this
diaphragm is a full Wheatstone bridge circuit consisting of four elec-
trical SR-4 strain gages hermetically sealed within the cell. The strain
gages undergo resistance change proportional to strains in the diaphragm
induced by applied pressure o' the faceplate that is transmitted through
the mercury. Temperature effects in the strain gages and resistance
variations in the lead wires are practically eliminated by the full
Wheatstone bridge. Temperature effects in the force-summing mercury
chamber are minimized by the choice of materials. The cell measures the
total pressure from both the solid and the liquid phases of the soil.
Compression occurs normal to the two parallel faces of the cell, and the
active pressure is averaged over the whole faceplate with the large area
serving to smooth out local stress concentrations. Only the soil pres-
sure component normal to the faceplate is effective in operating the
cell. Calibration of the WES soil pressure cell is performed by corre-
lating the electrical response of the cell, as measured by an SR-4 indi-
cator, with the load that produces the cell response. For the study
reported herein, the dead-load method was used to calibrate the pressure
cells. Dead-load calibration is accomplished in a double-diaphragm
pneumatically actuated calibrating chamber for applying uniform loads to
the faceplate. Repeatability of the WES cell is approximately 5.6 per-

cent, and accuracy is to within 10 percent of the indication.



The URS soil pressure cell developed by the URS Resesrch Company
for the FHWA is shown in Figure 3b. This cell was designed, constructed,
and evaluated by the URS Research Company and is fully described in
Reference 9. Both static and dynamic stresses can be measured by this
gage. The URS pressure cell is 0.06 in. thick and 1.5 in. in diameter
and consists of a sensing element of a piezoresistive semiconductor
strain gage in a fluid cavity. Evaluation tests conducted by URS indi-
cated that the cell has high sensitivity, flat frequency response from
100 to 0 kHz, and high repeatability.

INSTRUMENTATION LOCATION

A plan and cross section of the east and west slabs showing loca-
tions of the instrumentation are presented in Figures U4 and 5, respec-
tively. The east slab was constructed mainly in a cut section in which
the excavation was carried into the underlying clay shale, while the sub-
grade of the west slab consisted primarily of compacted fill. As shown
in these figures, instrumentation was placed at three different sites
(A, B, and C) within both 500-ft slabs. The two slabs are hereinafter
referred to as the east and west "test sections."

Each of the six gage locations had four Bison coils aligned verti-
cally at approximately the same depth. One coil was placed at the top
of the cement-treated base, and the other three coils were placed at
distances of 13, 23, and 29 in. below the pavement surface. This place-
ment allowed measurement of the vertical movement between any two coils.
In addition to the four vertically aligne< coils, points A-3 and B-3 in
both slabs had one pair of laterally aligned coils in the top of the
pavement and one pair in the bottom of the pavement. These coils were
aligned parallel tc the pavement edge. Point A-3 also had two pairs of
coils in a parallel alignment at an approximate depth of 18 in. that
wvere used to measure horizontal strain in the subgrade. One pair was
placed parallel to the pavement edge to measure longitudinal strain,
vhile the other pair was perpendicular to the pavement edge to measure
transverse strain. There were also three pressure cells placed in the

top of the lLase to measure the interface pressure between the prestressed
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concrete pavement and the base course.

At site C in both test sections, there were seven vertical stacks
of Bison coils and one stack in each adjacent transition section. The
purpose of the gages at site C was to measure any slab curl or slab move-
ment under load. This study was the first in which Bison strain sensors
have been used in an effort to measure any type of slab movement such as
curling. It was felt that, although this use might be beyond the limits
of the Bison strain sensors in their present stage of development, the
effort might nevertheless prove worthwhile.

Each of the seven stacks at site C consisted of three Bison coils
at about the same depth in all sixteen locations. One coil was placed
in the top of the pavement, one coil was placed at the top of the base,
and the other coil was placed 13 in. below the pavement surface.

Several aspects of instrumentation installation and location are
shown in Figures 6-10. Figure 6 shows the removable forms used for
installation of strain sensors in the slab, and Figure | shows a Bison
strain sensor in a waterproof bag at a location on top of the base
course. Figure 8 shows the strain gage pattern for the slab corner, and
Figure 9 shows a strain sensor being checked ahead of the concrete

finisher. Figure 10 shows instruments used for recording data.
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LOADING CONDITIONS

For the load tests, two types of loadings were employed. The
first series of tests used a three-axle truck (Figure 11) and is herein-
after referred to as the "truck tests." The truck was a semitrailer
combination vehicle with single drive and trailer axles spaced 20 ft on
center and equipped with dual-tire wheels. The second series of tests
used the load cart shown in Figure 12, in which one dual-tandem component
of a Boeing T4T aircraft main landing gear was placed. These tests are

' The load cart con-

hereinafter referred to as the "load cart tests.'
sisted of an outer support frame and a load compartment into which the
gear was placed. Lead weights were placed in the load compartment to

provide the desired test load.

TRUCK TE3TS

During the period 24-28 January 1972, truck tests were conducted
using a single-axle, dual-wheel load on the two instrumented slabs. The
rear axle of the truck, with loads of approximately 19.5 and 33.2 kips,
was used for the tests. The tires were 12.00x24 truck tires inflated to
an average tire pressure of G6 psi and an average contact area of
€” sq in. for the 19.5-kip load and 108 sq in. for the 33.2-kip load.
Crushed stone available at the site was used to load the vehicle,

The axle arrangements and tire spacings for the truck are shown
in Figure 13a. Figure llia shows the rear axle placement for the two
primary loading positions used in the truck tests. Loading position 1
consisted of centering either the left or right set of dual tires over a
loading point. Loading position 2 consisted of placing the midpoint of
the rear axle over a loading point. A typical truck test on a loading
point is shown in Figure 15. Both static and moving tests were con-
ducted; the moving tests involving speeds up to 45 mph. Moving tests
were conducted with the 19.5-kip load over the gages in the east test
section and the 33.2-kip load over the gages in the west test section.

Due to insufficient time and bad weather conditions, the points
at site C of both slabs were not individually loaded. However, a few

12



selected loading points were chosen, and all of the gages at site C were
read while the truck was placed over these points. Fcr the east test
section, loading points C-3 and C-1l3 were loaded with the truck

placed in loading position 1. Four loading points were selected for
the west test section. The rear axle midpoint (position 2) was placed

6 ft from the north pavement edge at distances of 100, 40, and 20 in.
from the joint and also directly over the joint. 'These loading points
are shown in Figure 16 and are labelled points 3, 4, S, and 6,
respectively.

LOAD CART TESTS

The second series of tests was conducted from 21-30 October 1972.
Loadings were applied using a simulated aircraft landing gear positioned
in the load cart. The tires and tire spacings were identical with those
of a dual-tandem main gear of the Boeing TU7, as shown in Figure 13b.
Lead weights were used to obtain the two test loads of 60 and 100 kips.
With the 60-kip load, the tire inflation pressure was 45 psi, while with
the 100-kip load the inflation pressure was 85 psi. The tire contact
area was maintained constant at 285 sq in. for both loads. The two main
loading positions for these tests are shown in Figure 14b. Loading
position 1 consisted of placing one of the four tires over a loading
point, while loading position 2 consisted of centering the gear arrange-

ment over a loading point.
PAVEMENT EVALUATION

An evaluation of the prestressed concrete pavement showed that the
test loads were conservative compared to the static failure load
capacity, especially for the truck. The pavement was evaluated using
the methodology described in Volume II of this report.10

For this evaluation, the following assumptions were made:

Concrete modulus of elasticity of 5 x 106 psi.

I I®

Poisson's ratio of concrete of 0.20 percent.
Concrete flexural strength of 650 psi.
Subgrade restraint of 156 psi.

(ST (o]
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Temperature warping stress of 90 psi.

Moduli of subgrade reaction of 300 pci and 200 pci for the
vest and east test sections, respectively.

i |0

The moduli of subgrade reaction were based on theoretical considerations
discussed in the analysis section of this report. s

Using the effective prestress equation from Volume II,lo the
single-vwheel static failure loads were computed for each test section
and for each vehicle. The single-wheel static failure loads for a tire
contact area of 82 sq in. (approximately equal to the tire contact area
of the rear dual wheels of a truck) were as follows:

a. West test section load of 58.927 kips.

b. East test section load of 62.808 kips.
These failure loads would correspond approximately to a single-wheel
truck axle load of 120 kips, an even greater single-axle dual-wheel load,
and a slightly smallzr dual-axle load. By the use of any fatigue
criterion, the prestressed highway secticn should carry a large number
of such loadings. It is evident therefore that the vehicular tect load
applied was light, and small strains or deflections such as those mea-
sured should have occurred.

Computed single-wheel static failure loads for the dual-tandem
aircraft gear were as follows:

a. West test section load of 73.659 kips.

b. East test section load of 76.295 kips.
Using the single- and multiple-wheel gear relations in Volume II results
in dual-tandem failure loads of 159.103 and 164.034 kips, respectively,
for the west and east test sections. The pavement evaluation therefore

indicates that stresses and strains in the pavement soil system structure

should also be small for the aircraft landings.
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TEST DATA

Data obtained from the load tests are presented in Tables 1-11.
Included in these tables are the strain and pressure data obtained using
the truck and load cart. Strain measurements represent the elastic
deformation that occurs within the pavement structure ani were deter-
mined by subtracting the loaded gage spacing from the unloaded spacing.
In reducing the data, correction was made for the effects of metal of
the truck and load cart influencing the electromagnetic coupling between
sensors. This correction factor 1s constant for each vehicle and for
specific distances and gage spacings. The constant is easily determined
with a pair of gages and only needs to be subtracted from the in-place
measurements. Metal effects from the steel in the concrete slabs shift
the calibration curves by a constant and do not significantly change the
slope; therefore, no correction was needed for this effect.

Data in Tables 1-9 include the load, gage location, gage depth,
gage spacing, change in gage spacing, and the resulting strain. Strain
was recorded for static loads and for moving truck loads. With the
equipment used in the static load tests, the movement of the pavement
structure between any two Bison coils was manually read with a field-
use Bison indicator and recorded to an accuracy of 0.001 in. Thus, when

the change in gage spacing in the data tables is listed as <0.001, the

movement was too small to be accurately detected. This type of reading
does not indicate that the gages had failed. With the moving load tests
the movements were automatically recorded with a strip chart recorder and
scaled to an accuracy of 0.0001 in. The gage data for warping and curl-

ing movements at location C are not presented in these tables because

these movements were all less than the accuracy of the measurement
system.

Pressure cell readings were obtained and are shown in Tables 10
and 11. These tables show the stresses resulting from various positions
of the loading vehicles.

Immediately after construction, an examination of the gages

showed that 10 of the Bison coils were not functioning. Five of these
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coils were in the west test -ection. One of these was the coil in the
top of the pavement at point C-6, another was one of the lateral pair in
the bottom of the pavement at point A-3, and one was in the bottom of
the pavement at point C-5. The other two were at point C-4 in the bottom
of the pavement and at a depth of 13 in. The other five nonworking coils
were in the east test section. Two of these were in the bottom of the
pavement at points A-2 and A-3, and two were in the top of the pavement
at points C-2 and C-9. The fifth coil was one of the lateral pair in
the top of the pavement at point C-6. When the load cart tests began,
one other coil was discovered to be not working. This coil was one of
the lateral pair in the top of the pavement at point A- 3 in the west test
section. Also, for the load cart tests, the WES pressure cell in the
west test section did not read as properly as it did for the truck tests,
and the URS pressure cell in the east test section also did not read
properly. The malfunctions of these gages could have been due to damage
to the leads or displacement of the gages during construction. Due to
these nonworking strain sensors, there are gaps in the strain data in

the tables.
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DATA ANALYSIS )

In order to analyze the instrumentation data, theoretical stresses
and deflections were calculated for comparison with measured values.
Theoretical total deflections were determined using influence charts
developed by Pickett and Ray,ll which assume the subgrade to be a dense
liquid. These deflections, based upon the edge and interior loading
conditions, were calculated for both loading positions of the 19.5- and
33.2-kip axle loads in the truck tests and the 60- and 100-kip gear loads
in the load cart tests.

To determine the pavement and subgrade stresses and the approxi-
mate distribution of the subgrade displacements, a computer program
developed by the Koninklijke/Shell-Laboratorium, Amsterdam, was used.
This program was devised as a geneval-purpose program for computing hori-
zontal and vertical stresses, strains, and displacements in elastic
multilayered systens subjected to one or more uniform loads. Values of
the modulus of elasticity E and Poisson's ratio v were assumed for
each layer in the system.

In analyzing the data, one desired comparison was of the measured
displacements with theoretical deflections. In calculating theoretical
delflcccions, it was necessary to assume different values for the modulus
of subgrade reaction k in the east and west test sections. A differ-
ence in subgrade strength was expected because the west test section was
constructed on compacted fill while the subgrade of the east test section
was a clay shale. Thus, a k value of 300 pci was assumed for the vest
test section, and a k of 500 pci was assumed for the east test

section.

VERTICAL STRAIN; STATIC LOAD TESTS

SUBGRADE

The subgrade performance under the prestressed concrete pavement
is indicated by the subgrade strains and deflections. To analyze this
performance, the average subgrade strains and partial displacements were

determined for the west test section (Table 12) and for the east test
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section (Table 13). An initial examination of the data shows that, for
both vehicle load positions, measured strain in the 13- to 23-in. depth
or top increment of the subgrade was larger than the measured strain in
the 23- to 29-in. depth or bottom increment. This trend is to be ex-
pected since the vertical stress and strain should decrease with depth
under all load positions if no soft soil layers exist.

Some of the test data were plotted showing accwwlated measured
vertical elastic displacement with depth below the pavi.ment surface. To
permit plotting of the data, the Bison coils at .he Z2)-in. depth had to

be assumed as a zero reference since no measurements were made below that

depth. However, this assumption does not mean that no displacement

occurred below the 29-in. depth. The accumulated elastic displacement

for one of the 12 interior load points is shown in Figure 17, which is a
plot of the data from point B-3 in the west test section. Average accu-
mulated measured elastic displacements for the six interior load points
for the west test section are shown in Figure 18, while Figure 19 shows
a similar plot for the east test section. The data in Figures 17a, 18a,
and 19a were obttained with the truck and load cart in loading position 1,
while the data in Figures 17b, 18b, and 19b were obtained with the truck
and load cart in position 2.

A comparison of the measured subgrade displacements (elastic
change in gage spacing) under the east and west slabs was made by
ratioing the west subgrade displacement to the east subgrade displace-
ment. These ratios are shown in Table 12. They were approximutely the
same for the four load cart loadings, with the displacements in the west
test section averaging about 2.7 times the displacements in the east
test section. An accurate comparison is difficult to make for the truck
load displacements in the two test sections because the displacements in
the east test section were very small.

Theoretical total deflections determined using the Pickett and Ray
influence charts are shown in Tables 1k and 15 for the west and east test
sections, respectively. Since the theoretical values were to be com-
pared with the measured values, reasonable theoretical values at the

load points were desired. To compare edge deflections with the measured
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values would not be satisfactory since there were no measurcueunls made
at the pavement edge. In addition, the theoretical interior deflec-
tions were not counsidered to be reasonable values for comparison because
the measurement locations were too close to either the edge or the
center-line longitudinal joint. The theoretical interior deflections
wvere then compared to the theoretical edge deflections considering one
tire of the Boeing T4T gear and the center of the dual truck tires as
being over the load point. The interior deflections were found to be
40 percent of the edge deflections. For e vehicle, a reasonable theo-
retical value was then assumed to lie between the edge and interior de-
flections. Therefore, a valur halfway between these values was assumed
that was equal to 175 percent of the interior defiection or TO percent
of the edge deflection. These are the theoretical values shown in the
tables. Theoretical interior deflections were also calculated consid-
ering the center of the gear and the midpoint of the axle as being over
the loading point (load position 2). These deflections were approxi-
mately the same as the theoretical interior deflections for loading
position 1. Therefore, the theoretical deflections shown in Tables 14
and 15 are the same for both vehicle loading positions.

Tables 14 and 15 also present a comparison of the measured dis-
placements with the theoretical deflections as determined above. The
displacements for the 13- to 23-in. and the 23- to 29-in. depths were
combined for comparison with the theoretical deflections. This com-
parison indicates that the measured displacements for the west test sec-
tion ranged from 31 to 46 percent of the theoretical total deflections
and from 13 t 23 percent for the east test section. For the east test
section, the ratio of the measured displacements to the theoretical de-
flections generally remained constant for both the truck and the gear
loadings. This trend indicates that the subgrade of the east test sec-
tion was responding linearly within the range of loads used in the tests.
For the west test section, the percentage of the theoretical total
deflections appeared to increase with an increase in applied load, thus
indicating that the subgrade response in the west test section may have

been nonlinear. However, since the measured displacements for the truck
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loads on the east test section were near the lower limit of the range of
accuracy of the measuring instruments, no valid conclusions can be drawn.

Table 16 presents a comparison of the measured displacements in
the subgrade with the theoretical displacements as computed by the Shell
multilayered computer program. For the data analysis, the modulus of
elastigity of the 6-in. prestressed concrete pavement was assumed to be
5 x 10° psi and Poisson's ratio was assumed as 0.20. The 6-in. cement-
t-eated base was assumed to have a modulus of elasticity of 5 x th psi
and a Poisson's ratio of 0.30. This modulus, which was assumed based
upon repetitive load test results that have been conducted on similar
materials, seems low when compared with a modulus determined from lab-
oratory flexural tests. However, field modulus values determined from
beams cut from cement-treated bases have shown modulus values much lower
than lasboratory values. Thus, the 5 x th psi value was considered
representative of the performance to be expected.

As with the influence charts, two values of subgrade strength
vere assumed for the two test sections. The underlying subgrade of the
wvest test section was assumed to have a modulus of elasticity of
3 x 103 psi and a Poisson's ratio of 0.40. The modulus of elasticity
of the east test section subgrade was assumed to be 15 x 103 psi, while
Poisson's ratio was assumed to be 0.LO.

As stated previously, an additional stronger layer of subgrade
was added to the computer program for both the west and the east test
sections to represent naturally occurring conditions. This layer was
placed at a depth of 60 in. below the top of the pavement (48 in. below
the bottom of the cement-treated base) and had a modulus of elasticity
of 5 x th psi and a Poisson's ratio of 0.30. The measured displacements
in both the east and the west test sections agreed reasonably well with
the theoretical displacements determined with the computer program. One
exception was under the 100-kip gear load in the east and west test sec-
tions where the measured displacements were larger than the theoretical
displacements. A possible reason for this difference is that the sub-
grade was beyond its linear behavior range under this load.
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CEMENT-TREATED BASE AND PRESTRESSED CONCRETE SURFACE

The measured vertical displacements and strains are shown in
Tables 1, 2, 6, and 7 for the cement-treated base at sites A and B. The
layer listed for the 6- to 13-in. depth included the cement-treated base
and about 1 in. cf the subgrade. The movement in this layer was too
small to be measured for any of the test loadings, thus indicating non-
compressibility of the stabilized layer. The instrumentation at site C
of both test sections was placed to measure the slab curl or other slab
movements under an applied load. There were no movements large enough
to be detected; therefore, none of the readings from the gages at site C

are listed in the tables.
HORIZONTAL STRAIN; STATIC LOAD TzSTS

Table 17 shows theoretical horizontal stresses and strains cal-
culated for the prestressed concrete pavement using the Shell multi-
layered computer program. The measured strains are shown in Tables 3
and 4 for the truck tests and in Tables 8 and 9 for the load cart tests.
The gages listed in the tables at a depth of 0 in, were used to measure
the horizontal strain in the top of the pavement, while the gages at
6 in. were used to measure the horizontal strain in the bottom of the
pavement. The only loading condition for which there was any measurable
strain in the pavement was the 33.2-kip axle load of the truck testrs in
the west test section at loading position 1. As shown in Table 3 for
points B-3 and C-6, the measured strains at the top and bottom of the
pavement were -1 and +2 x lO'h in./in., respectively. These measured
strains compare favorably with the theoretical strains of -1 and
+1 10‘“ in./in. for the same loading conditions. For all other loading
conditions, no strains could be measured. Table 18 gives a comparison
of the measured horizontal strain in the subgrade at a depth of 18 in.
with the theoretical horizontal strain at the same depth as computed by
the Shell program. The measured horizonial strains were at point A-3 in
the west test section and at point B-3 in the east test section. The
spacing and change in spacing of these gages are shown in Tables 3 and &

for the truck tests and in Tables 8 and 9 for the load cart tests. Some
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of the measured strains agreed fairly well with the theoretical strains,
but in general the measured values were quite different from the theo-
retical values.

VERTICAL PRESSURES; STATIC LOAD TESTS

A comparison of the measured and theoretical vertical stresses
at the bottom of the pavement slab is shown in Table 19. The stresses
measured in the east and west test sections for the two truck loads were
about the same as the theoretical stresses computed by the Shell program.
In the east test section, the measured stresses for the two load cart
loads were much less than the theoretical values. Compared to the truck
tests, the measured stresses for the load cart tests in the east test
section appeared to be too low. Since the load cart tests were conducted
9 months after the truck tests, there could be several reasons for the
measured values being lower. The foundation strength may have deteri-
orated due to saturation of the subgrade, or there may have been an in-

crease in the prestress or concrete strength.
MOVING LOAD TESTS

Vertical and horizontal elastic strain data for the moving truck
tests are shown in Table 5. The vertical strain in the subgrade remained
relatively constant for all three test speeds, and no horizontal pave-
ment strains could be measured. The measured vertical strain did agree
well with the theoretical static vertical strain. Therefore, based on
limited testing, it appears that the ve:tical elastic strain in the sub-
grade may remain constant within the range of speeds used in these tests.

The pressure cell data for the moving truck tests are given in
Tahle 10. Only the output of the WES pressure cells was recorded during
the speed tests. From the limited test data, it appears that the ver-
tical pressure under the pavement may also remain constant within the
range of test speeds. This conclusion agrees with the results for sub-

grade vertical strain under moving loads.
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CONCLUSIONS )

Based upon the results of these tests, the following conclusions

are believed warranted:

a. Strains measured in the subgrade under static and moving loads
agreed reasonably well with calculated theoretical values.

b. The field readout equipment and procedure were not accurate
enough to detect the small horizontal strains in the slabs or
small vertical strains in the stabilized layers.

c. The vertical stress measurements made under static and moving
truck loads also agreed reasonably well with calculated theo-
retical stresses. However, vertical stresses measured under
the load cart did not compare favorably with the theoretical
stresses. The pressure cell response to the load cart
appeared to be in error when compared with that o® the truck

loading.

d. The small strains and deflections measured in tese tests
indicate that the roadway should have a long service life.
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TABLE l.--VERTICAL STRAIN DATA, STATIC TRUCK TESTS
WEST SECTION, SITES A AND B

Gage Gage  Change in Spacing, in. _Strain, 207" in./in.
Load Gage Depth Spacing Loading Loading Loading Loading
ib Location _in. in. Pogition 1 Position 2 Position 1 Position 2

19,500 A-1 6-13 8.87 <0.001 <l
13-23 10.09 <0.001 <l
23-29 6.15 <0.001 <l

A-2 6-13 7.52 <0.001 <0.001 <l <1

13-23 10.1k4 0.010 0.004 10 L

23-29 6.05 <0.001 <0.001 <l <1l

A-3 6-13 8.35 <0.001 < 0,001 <1l <1l

13«23 10.19 0.011 0.008 n 8

23-29 6.09 <0.001 <0.001 <1 <l
33,200 A-1 6-13 8.87 <0.00L <1
13-23 10.09 0.012 12
23-29 6.15 0.004 7

A2 6-13 7.53 <0.001 <0.001 <l <1l

13-23  10.1lk 0.009 0.009 9 9

23-29 6.05 0.001 0.002 2 3

A-3 6-13 8.35 <0.00L <0.001 <l <l

13-23 10.18 0.006 0.007 6 7

23-29 6.09 0.002 0.001 3 2
19,500 B-1 6-13 7.86 <0.001 <l
13-23 10.04 <o0.001 <1
23-29 6.45 <0.001 <l

B-2 6-13 B.b2 <0.001 <0.00L <l <l

13-23 10.07 0.003 < 0,001 3 <l

23-29 6.37 0.001 0.001 2 2

B-3 6-13 8.02 <0.001 <0.001 <l <l

13-23 10.19 0.001 0.002 1 2

23-29 6.03 0.002 0.001 3 2
33,200 B-1 6-13 7.86 <0.001 <1l
13-23  10.04 0.002 2
23-29 6.45 0.005 8

B-2 6-13 8.kl2 «<0.001 <0.001 <1l <1l

13-23 10.07 0.004 0.004 L k

23-29 6.37 0.001 < 0,001 2 <l

B-3 6-13 8.02 <0.001 <0.001 <l <1

23-29 6.03 0.003 0.002 5 3

b "
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TABLE 2.--VERTICAL STRAIN DATA, STATIC TRUCK TESTS

EAST SECTION, SITES A AND B

Change in Spacing, in. _Strain, 107 in./in.

Gage Gage
Load Gage Depth Spacing Loading Loading Loading Loading
1b Location in in Position 1 Position 2 Position 1 Position
19,500 A-1 6-13 10.19 < 0.001 <l
13-23 9.7+ < 0.001 <1
23-29 6.27 < 0.001 <l
A=2 6-13 —
13-23 10.06 < 0.001 <l
23-29  5.7% < 0.001 <1
A-3 6-13 -
13-23 9.91 < 0.001 <l
23-29 6.24 < 0.001 <l
33,200 A-1 6-13 10.19 < 0.001 <l
13-23  9.75 < 0.001 <1
23-29  6.27 < 0.001 <1
A-2 6-13 -
13-23 10.06 < 0.001 <0.001 <1l <1l
23-29 5.7k 0.002 <0.001 3 <1l
A-3 6-13 -
13-23 9.91 < 0.001 < 0,001 HL <l
23-29 6.24 0.002 < 0,001 2 <l
19,500 B-1 6-13 12.05 < 0.001 <l
13-23 9.66 < 0.001 <l
23-29 6.27 < 0.001 <l
B-2 6-13 10.57 < 0.001 <l
13-23 9.68 < 0.001 <l
23-29 6.29 < 0.001 <1l
B=-3 6-13 10.57 < 0.001 <l
13-23 10.10 < 0.001 <l
23-29 5.89 < 0.001 <l
33,200 B-1 6-13 12.04 < 0.00. <l
13-23 9.65 < 0.001 <l
23-29 5.27 0.002 3
B-2 6-13 10.57 < 0.001 <0.001 <1l <1
13-23 9.68 < 0.001 < 0.001 <l <l
23-29 6.29 < 0.001 < 0,001 <l <l
B=-3 6-13 10.56 < 0.001 <0.001 <l <l
13-23 10.10 0.001 <0.001 1l <1l
23-29 5.89 0.001 <0.001 2 <l
25
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TABLE 6.--VERTICAL STRAIN DATA, STATIC LOAD CART TESTS
WEST SECTION

Gage Gage Change in Spacing, in. _Strain, 107 in./in.
Load Gage Depth Spacing Loading Loading Loading Loading

1b Location _in. in. Position 1 Position 2 Position 1 Position 2

60,000 A-1 6-13 8.87 <0.001 <l
13-23 10.09 0.004 L
23-29 6.15 0.003 5

A=2 6-13 T.52 <0.001 <0,001 <l <l

23-29 6.0° 0.005 0.005 8 8

13-23 10.19 0.008 0.008 8 8

23-29 6.09 <0.001 <0.001 <l <l
100,000 A-1 6-13 8.87 < 0,001 <l
13-23 10.09 0.012 12
23-29 6.15 0.008 13

A=2 6-13 T7.52 <0.001 <0.001 <l <l

13-23 10.1h4 0.017 0.017 17 17

23-29 6.05 0.006 0.006 10 10

A-3 6-15 8.35 <0.001 <0.001 <l <l

13-23 10.19 0.012 0.012 12 2

23-29 6.09 0.003 0.004 5 7
60,000 B-1 6-13 7.86 <0.001 <1l
13-23 10.04 0.010 10
23-29 6.45 0.001 2

B-2 . 6-=13 8.4k2 <0,001 < 0,001 <l <1l

13-23 10.07 0.011 0.008 11 8

23-29 6.37 0.005 0.002 8 3

B-3 6-13 8.02 <0,001 < 0,001 <l <l

13-23 10.19 0.008 0.008 8 8

23-29 6.03 0.006 0.003 10 5
100,000 B-1 6-13 7.86 <0.001 <l
13-23  10.0L 0.021 21
23-29 6.u45 0.005 8

B-2 6-13 8.hk2 <0.001 < 0,001 <l <l

13-23 10.07 0.021 0.017 21 17

23-29 6.37 0.008 0.004 13 6

B-3 6-13 8.02 <0.001 < 0,001 <l <1l

13-23 10.19 0.017 0.017 17 17

23-29 6.03 0.008 0.008 13 13
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TABLE T.-=-VERTICAL STRAIN DATA, STATIC LOAD CART TESTS
EAST SECTION

Gage Gage Change in Spacing, in. _Strain, 10‘1‘ in./in.

Load Gage Depth Spacing Loading Loading Loading Loading
1b Location _in. in. Position 1 Position 2 Position 1 Position 2
60,000 A-1 6-13 10.19 <0.001 <l
13-23 9.7h4 0.002 2
23-29 6.27 <0.001 <l
A-2 6-13 -
13-23 10.06 0.003 0.003 3 3
23-20 5.Th 0.002 0.002 3 3
A-3 6-13 -
13=23 9.91 <0.001 <0.001 <l <l
23-29 6.24 0.001 0.001 2 2
100,000 A-1 6-13 10.19 <0.001 <l
13-23 9.74 0.007 7
23-29 6.27 0.001 2
A=2 6-13 -
13-23 10.06 0.007 0.007 7 7
23-29 5.Th 0.005 0.005 9 9
A-3 6-13 -
13-23 9.91 0.002 0.002 2 2
23-29 6.24 0.002 0.002 3 3
60,000 B-1 6-13 12.05 <0.001 <l
13-23 9.66 0.003 3
23-29 6.27 0.002 3
B-2 6-13 10.57 <0.001 <0.001 <l <1
13-23 9.68 0.003 0.003 3 3
23-29 6.29 0.002 <0.001 3 0
B-3 6-13 10.57 < 0,001 <0.001 <l <l
13-23 10.10 0.002 0.002 2 2
23=29 5.89 <0.001 <0,001 <1l <l
100,000  B-1 6-13 12,05 <0.001 <l
13-23 9.66 0.007 7
23-29 6.27 0.003 5
B-2 6-13 10.57 <0.001 <0.001 <l <l
13-23 9.68 0.007 0.007 7 7
23-29 6.29 0.003 0.003 5 5
B-3 6-13 10.57 <0.001 < 0.001 <l <l
13-23  10.10 0.00k4 0.00L b b
23-29 5.89 0.001 0.001 2 2
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TABLE 8.--HORIZONTAL STRAIN DATA, STATIC LOAD CART TESTS

WEST SECTION
-4
Gage Gage Change in Spacing, in. _Strain, 10 in./in.
Load Depth Spacing Loading Loading Loading Loading
kips Gage location in. in. Position 1 Position 2 Position 1 Position 2
60  A-3 parallel 18 13.815 ~0.001 -0.002 -1 -1
A-3 perpendicular 18 1k.105 +0.002 +0.002 +1 +1
A-3 v -
6 -
B-3 0 7.43 <0.001 <0.001 <l <1
6 5.46 <0.001 <0.001 <1l <1
c-6 0 7.16 <0.001 <0.001 <l <1
6 5.19 <0.001 <0.001 <1 <1
100 A-3 parallel 18 13.815 +0.008 -0.003 +5 -2
A-3 perpendicular 18 14,105 -0.003 +0.003 -2 +?2
A-3 o -
6 -
B-3 0 7.43 <0.00L <0.001 <l <l
6 5.L6 <0.001 <0.001 <1l <l
c-6 o] 7.16 < 0.001 < 0.001 <l <1
6 5.19 < 0.001 < 0.001 <l <1

Note: + denotes tension, - denotes compression.
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TABLE 9.--HORIZONTAL STRAIN DATA, STATIC LOAD CART TESTS
EAST SECTION

Gage Gage Change in Spacing, in. _Strain, 10']' in./in,
Load Depth Speacing Loading Loading Loading Loading
kips Gage Location in. in. Position 1 rPosition 2 Position 1 Position 2

60 B-3 parallel 18 15.332 <0.001 +0.004 <1l +3
B-3 perpendicular 18 13.307 +0.004 +0.004 +3 +3
B-3 0 7.95 <0.001 <0.001 <l <l
6 5.6k < 0,001 <0.001 <l <l
A-3 0 7.06 <0.001 <0,001 <1 <1l
6 5.76 <0.001 <0.001 <1 <l
c-6 0 —
6 5.Th < 0,001 <0.001 <l <1l
100 B-3 parallel 18 15.332 +0.002 +0,004 +1 +3
B-3 perpendicular 18 13.307 +0.004 +0.004 +3 +3
B-3 0 T.95 <0,0C1 <0,001 <l <l
6 5.6k < 0,001 < 0.001 <1 <1
A-3 0 7.06 <0.001 <0.001 <1l <l
6 5.76 <0.001 <0,001 <1l <l
c-6 0 -
6 5.7 < 0,001 < 0,001 <l <l

Note: + denotes tension; - denotes compression.
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TABLE 10.--PRESSURE CELL DATA
STATIC AND MOVING TRUCK TESTS

URS
Pressure
Position of Rear Static WES Pressure, psi
Load, kips Dual Tires psi Static 10 mph 25 mph LO mph
East Section
19.5 Over Cell 3 3 3 3
19.5 2 ft Past Cell 2 1l
33.2 Over Cell 5 5
West Section
19.5 Over Cell 2
33.2 Over Cell L 4 4 5
(Average of
2 runs)

TABLE 11.--PRESSURE CELL DATA, STATIC
LOAD CART TESTS, EAST SECTION

Position of Rear
Tire

Over Cell
L ft past Cell
8 ft Past Cell

Position of Load
Cart Center

Over Cell
4 £t Past Cell
8 ft Past Cell

Pressure, psi

60-kip Load 100-kip Load

2 4
<l 1
<l <l

1 L4

1 3
<l <l
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TABLE 19.--VERTICAL STRESSES AT BOTTOM OF PAVEMENT
EAST AND WEST SECTIONS, STATIC LOAD TESTS

Measured

Vertical Theoretical
Stress at Vertical
Bottom of Stress at

Measured

Vertical Theoretical
Stress at Vertical
Bottom of Stress at

West Bottom of East Bottom of
Section West Section Section East Section
Loading Condition psi psi psi psi
19.5-kip truck axle
loading position 1 2 2.5 3 b1
33.2-kip truck axle
loading position 1 L 4.3 5 6.9
60-kip load cart
loading position 1 - 5.7 2 8.0
100-kip load cart
loading position 1 - 9.5 " 13.3
E Note: Load cart tests were conducted 9 months after truck tests.
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Figure 1. General layout of test road



‘2 2and1yg

qUNOW UOT3BJIQITBO JI233WOJIDTW B UT STTOD UOSTE WeTp-'UTl-f OAL




P

FACEPLATE

a.

WES cell

COVERPLATE




_N,
4 |
o) L o)
[ T A=
10’
e S 0
II-Z ¢ Ait
00 ®00 &
-3 A-3
| ] Lo
108’ 130'—‘_—"1'""1
PLAN
N
M
" 2 ~p P be-4PPROX 8%-15"
bobb Oy b 8

1*4°}

6" PRLSTRESSED CONCRETE

6’ CEMENT -
TREATED BASE

i %)

|
GFEET

=l |-amon st

APPROX 5"- 18" | |
-l

A
izl

I.

‘ -
.’ll '
oo - 0"
| .
‘D
- t -

CROSS SECTION

LEGEND

O, = VERTICAL STRAIN SENSOR
SOIL PRESSURE CELL (WES)
HORIZONTAL STRAIN SENSOR
SOIL PRESSURE CELL (URS)

®0®

Figure 4. Instrumentation placement in east slab (test section)
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Figure 6. Removable forms used for installation
of strain sensors
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Figure 7. Strain sensor in waterproof bag
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Figure 13.

Tire and axle spacings
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Figure 1k, Primary loading positions
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Figure 15. Typical truck load test
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DEPTH, IMN.

IN,

DEPTH,

LEGEND

MEASUREMENTS
e emem LINEAR LAYER THEORY

* DOES NOT MEAN THAT NO DISPLACEMENT
OCCURED AT OR BELOW 29-IN. DEPTH. NO
MEASUREMENTS WERE TAKEN AT OR BELOW
29-IN. DEPTH.

DISPLACEMENT (IN. x 10° %

)

0 s 10 15 20 25
< T T T T 3
PRESTRESSED CONCRETE
(E =5 x 10% PsI, v =0.20)
& <0.001-IN.
19.5-KIP AXLE CEMENT-TREATED BASE DISPLACEMENT
' (E=8x10%Ps), v=0230
(( 32.2-KIP AXLE e
@ /,// i y
I
y v~ - SUBGRADE
/ - (E =3x 103 Psi,
/ Ve - v = 0.40)
/ y 7 L~
24 |- -~ 100-KIP GEAR
f ASSUMING NONLINEAR DISTRIBUTION
3. LOAD POSITION 1
DISPLACEMENT (IN. x 10™3)
0 s 10 18 20 25
g Y T -7 T
PRESTRESSED CONCRETE
<0.001-IN.
T KIBIARLE DISPLACEMENT
7 32.2-KIP AXLE CEMENT.TREATED BASE
-KIP
5 = 60-KIP GEAR

-

L‘ SUBGRADE f
~ o

100-KIP GEAR

ASSUMING NC.ILINEAR DISTRIBUTION

b. LOAD POSITION 2
Figure 17.

west test section
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Typical displacement versus depth, point B-3
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LEGEND

MEASUREMENTS
w——— wum= LINEAR LAY ER THEORY

»* DOES NOT MEAN THAT NO DISPLACEMENT
OCCURED AT OR BELOW 29-IN, DEPTH. NO
MEASUREMENTS WERE TAKEN AT OR BELOW
29-IN. DEPTH.
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-.pl"
/ - - 100-KIP GEAR
]
2 . -
‘. - ASSUMING NONLINEAR DISTRIBUTION
a. LOAD POSITION 1
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12 ] <
19.5-KIP / ~ BA -
e // lf SUBGRADE
2 -~ -
f -
-~ - 100-KIP GEAR
u-fr/ -~ -
- ASSUMING NONLINEAR DISTRIBUTION

b. LOAD POSITION 2

Figure 18. Average displacement versus depth, west test section
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IN.

DEPTH,

DEPTH, IN.

LEGEND

MEASUREMENTS
= w=m LINEAR LAYER THEORY

* DOES NOT MEAN THAT NO DISPLACEMENT
OCCURED AT OR BELOW 29-IN. DEPTH. NO
MEASUREMENTS WERE TAKEN AT OR BELOW
29-IN. DEPTH.
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o S 10 15 20 25
° ] T T T -1
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_{ I-Tao-mp GEAR
12 | .
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100-KIP GEAR
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b. LOAD POSITION 2

Average displacement versus depth, east test section

Figure 19.
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