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Foreword

This Record contains 12 papers on the design and performance of pavements. Subjects
include prestressed concrete pavements, finite-element analysis of concrete pavements,
roller-compacted concrete, rutting of asphalt concrete overlays, laboratory and field
measurements of pavement materials, and axle load restrictions on pavements with limited
structural capacity.

Powers and Zaniewski report on the performance of a prestressed pavement built in
Arizona in 1977. The traffic on the pavement has greatly exceeded the design assumptions,
yet the pavement has performed adequately. Experiments conducted at the time of
construction provide valuable data. Annual measurements of roughness and friction number
have been collected along with periodic condition surveys. Distress that has developed since
the last survey in 1983 is related to the design and construction of the pavement.

A computer program named FEACONS III (Finite Element Analysis of Concrete Slabs)
was developed in Florida by Tia et al. in response to a need for a suitable analytical model to
analyze the behavior of concrete pavements efficiently and realistically. The program has
been used extensively in the analysis of existing concrete pavement and on a test road in
Florida. The analytical model and computational procedure used by FEACONS III are
described in detail, and the analytical results from the program are compared with actual
measured results for a few specific cases.

Tayabji and Halpenny report on an investigation to develop procedures for the thickness
design of roller-compacted concrete (RCC) for use in truck-parking areas, log-sorting yards,
and pavements. The proposed procedures require computation of the allowable pavement
stress based on the number of total load applications and computation of the expected
pavement stress due to the design wheel loading. A design thickness is selected such that the
expected pavement stress is less than the allowable pavement stress.

Tayabji and Okamoto report on a study conducted to determine the engineering properties
and mix proportioning procedures for RCC. Specimens for laboratory tests were obtained
from a full-scale test section constructed using a 10-ton vibratory roller. SPecimens were
tested for flexural, split-tensile, and compressive strength; modulus of elasticity; and fatigue
properties. The engineering behavior of RCC was determined to be similar to that of
conventional concrete. Specimens for mix proportioning were prepared using a vibrating
table.

Thirty-two projects in which asphalt concrete was overlaid on portland cement concrete
pavements were analyzed by Carpenter and Enockson to develop regression relations
between rutting and mixture properties of asphalt concrete. The analysis shows the
importance of material properties, particularly gradation parameters, to the development of
rutting. Structural tests of cored specimens show that stiffness and indirect tensile strength
have a strong relationship with rutting that can develop in the overlay during its life.
Permanent deformation can be controlled if the variability of the mixture coming out of the
plant can be decreased.

Sousa and Monismith describe a laboratory study of equipment development and tests to
determine the dynamic properties of paving materials in axial and torsional loading.
Dynamic properties of an asphalt concrete and a uniform sand were determined by the
excitation of hollow cylindrical specimens using two independent sinusoidal loads with
frequencies up to 30 Hz.

The Commonwealth of Pennsylvania has the authority to restrict axle loads on its roads
when it is believed that those axle loads will result in excessive damage to the pavement
structure. Fernando et al. evaluated the sensitivity of pavement response and predicted
performance to variations in load, layer moduli, and layer thicknesses. A theoretical elastic



vi

layer analysis was conducted that considered various load magnitudes and configurations for
different pavement thickness and material properties. Equivalence factors calculated for a
broad range of pavement structures suggest that the use of AASHTO equivalence factors for
evaluating the effects of alternative load limit policies is not advisable. A Pennsylvania load
limit procedure produced results in closer agreement with the AASHO Road Test data than
the AASHTO equivalence factors.

Potter shows by statistical analysis of flexible pavements designed by the California
bearing ratio method that about one-half of the pavements will survive longer than their
design life and one-half will fail before they reach their design service life.

Sanchez-Salinero et al. show that the Spectral-Analysis-of-Surface-Waves (SASW)
method is a promising nondestructive technique for evaluating the mechanical properties of
pavement systems and soil deposits. In this paper, the dispersion curves (frequency or
wavelength versus phase velocity) obtained by assuming generation of only Rayleigh waves
are compared with dispersion curves obtained when all types of waves are considered.
Several cases with different types of layering are studied, and emphasis is placed on typical
pavement systems.

Nazarian et al. show that the SASW method is quite sensitive to the modulus of the upper
layers in secondary roads. Two sites on a secondary road were tested to determine the
possible reasons for one section rutting while the other one did not. It was found that the
SASW method is well suited for delineating layers that have low moduli or in which moduli
appear to be decreasing and hence causing deterioration of the pavement.

Faraggi et al. present both theoretical and practical aspects of combining fluctuating
thermal-warping stresses with repeated-loading stresses for predicting the behavior of

Van Dam et al. look at bonding techniques, bond loss detection, and the effect of bond loss
on the response and performance of bonded concrete overlays. Practices important to bond
retention and relative performance of bonded verus disbonded concrete overlays are
described.



TRANSPORTATION RESEARCH RECORD 1136

Nine-Year Performance Evaluation of
Arizona’s Prestressed Concrete Pavement

RICHARD L. POWERS AND JOHN P. Z ANIEWSKI

The Arizona Department of Transportation constructed an
experimental prestressed pavement in 1977 and has monitored
its condition for the past 9 years. The traffic volume on the
pavement has greatly exceeded the design assumptions. Exper-
iments conducted at the time of construction provide valuable
data on curling and warping, shrinkage, elastic shortening, and
so forth. Annual measurements of roughness and friction
number have been collected, and periodic condition surveys have
been made. The condition survey conducted in 1986 found that
distress had developed in the pavement since the last survey in
1983.

Prestressed concrete pavements are an alternative to con-
ventional concrete pavements. Prestressing the pavement
provides two primary advantages, conservation of materials
and greatly expanded joint spacing. Between 1971 and 1979,
four full-scale experimental prestressed concrete pavements
were constructed across the United States (/). One section
constructed in Arizona in 1977 has been carrying high traffic
volumes for the past 9 years. The performance of this
pavement has been monitored periodically by the Arizona
Department of Transportation (ADOT). The most recent
distress evaluation was performed in the summer of 1986.
Significant new distress had developed since the last condition
survey 3 years before.

DESIGN AND CONSTRUCTION FEATURES

The experimental section of prestressed pavement is located
on the Superstition Freeway (State Route 360) in Tempe,
Arizona, beginning at Price Road and extending easterly to
Dobson Road for a distance of approximately 1.2 mi. The
main-line pavement consists of 30 prestressed slabs, 31.5 ft
wide, 6 in. thick, and nominally 400 ft long (two slabs are 500
ftlong). Each slab contains 16 strands 1/2 in. in diameter with
7 wires per strand. The strands were placed 1/2 in. below the
slab center and were 24 in. on center. The slabs were stressed
by the posttensioning method. The prestressed pavement
cross section is composed of two 12-ft driving lanes and a
7.5-ft shoulder. A cross-sectional view of the prestressed
pavement is shown in Figure 1 (I). Conventionally reinforced

R. L. Powers, Arizona Department of Transportation, 2104 South
22nd Avenue, Phoenix, Ariz. 85009. J. P. Zaniewski, Department of
Civil Engineering, Arizona State University, Tempe, Ariz. 85287.
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FIGURE 1 Cross section of prestressed pavement (7).

concrete slabs 8 ft long and 10 in. thick were placed between
prestressed slabs to facilitate tensioning.

The joint design of prestressed concrete pavements is
extremely important because the slabs are nominally 400 ft
long. Thus extensive movement may be anticipated at the
joints. On the basis of an assumed annual temperature
variation of 100°F and a thermal coefficient of 6 X 10
in./in./°F, the calculated maximum differential movement
at the slab ends was 1 1/2 in. An additional 1/2-in. gap was
added to the design to ensure adequate joint width regardless
of the time of year of construction. The details of the joint
design are shown in Figures 2 and 3. A steel extrusion across
the width of the pavement was selected to hold a neoprene
seal. Stainless steel dowel bars 1 1/4 in. in diameter were used
for load transfer. The dowel bars were spaced 12 in. on center.

Construction was conducted with a slip form paver
modified to place the prestressing strands at the desired depth
asitadvanced down the roadway. The construction sequence
was as follows (2, 3):

1. A sand leveling course and double-layer polyethylene
sheet were placed on top of the lean concrete base (.CB) to
reduce frictional resistance.

2. Steel prestressing cables were positioned on top of the
polyethylene sheets.

3. Aslip form paver was used to position the prestressing
cables at a depth of 3.5 in. and to place the concrete on the
roadway. A nylon bristle broom was dragged longitudinally
along the pavement to provide surface texture.
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FIGURE 3 Joint detail: dowel bar location.

4. The following joint hardware was installed: dowel
assembly, steel extrusion, bearing plates, reinforcing steel for
bearing stress, and bulkhead.

5. Prestressing hardware was installed and the slabs were
stressed in stages. The first stage of stressing was performed
the day after concrete placement when the concrete had
attained an average compressive strength of 1,300 psi.
Second-stage stressing was performed 1 day after the initial
stressing operation when average compressive strengths were
approximately 2,400 psi. The final stage of prestressing was
performed an average of 3 1/2 days after concrete placement
when concrete cylinder strengths exceeded 3,000 psi. The
actual amount of stressing depended on the concrete cylinder
strength for each particular slab at the time the slabs were
stressed. Table | gives the relationship between prestressed
jacking force and concrete compressive strength used during
construction of the slabs (3).

6. Gap slabs were constructed between consecutive
prestressed pavement sections to facilitate prestress jacking
operations. These slabs were conventionally reinforced con-
crete 31.5 ft wide, 8 ft long, and 10 in. thick. (These slabs are
called gap slabs because they are used to fill the gap between
adjacent prestressed slabs.)

7. The final items installed were the neoprene joint seals,
used to prevent the intrusion of foreign objects into the joints.

The 30 prestressed slabs were placed between March 31,
1977, and April 13, 1977; installation took a total of 9
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TABLE ! CONCRETE
CYLINDER STRENGTH
VERSUS JACKING FORCE

Cylinder

Strength Jacking Force
(psi) (kips)
3,000 31
2,900 30
2,800 29
2,700 28
2,600 27
2,500 26
2,400 24
2,300 23
2,200 22
2,100 21
2,000 19
1,900 18
1,800 17
1,700 16
1,600 15
1,500 13
1,400 12
1,300 11
1,200 10
1,100 9

working days. Thirty-four gap slabs were placed from May
12, 1977, to May 17, 1977, this required a total of 4 working
days. The installation of the neoprene joint seals took an
additional 4 working days to complete (3).

The major difficulty during construction was that the top
sheet of the polyethylene film would slide over the bottom
layer as the paver moved forward. The problem was at least
partly resolved by nailing the sheet to the base layer.

Problems were encountered with the paving train as well.
The paver broke down on several occasions causing undula-
tions of the pavement profile. The nylon bristle broom was
left stationary and induced transverse depressions across the
entire width of the pavement at several locations.

Poor consolidation of the concrete material around the
joint hardware was noted in most of the eastbound slabs.
Apparently there was an unnoted change in the construction
process for the subsequent construction of the westbound
lanes; the consolidation problem is not as apparent in these
slabs.

Approximate quantities and costs for the experimental
section of prestressed pavement are given in Table 2 (3).

TRAFFIC VOLUMES

The Superstition Freeway primarily serves commuter traffic
of three cities east of Phoenix. Design traffic was estimated to
be 26,000 average daily traffic (ADT) with | percent trucks,
with a 20-year total of 191 million vehicles (3, 4). The facility
was constructed in the spring of 1977. In the fall of that year
traffic was measured at 62,000 ADT with 2 percent trucks (3,
4). In 1984 the traffic count was 80,000 ADT with 3 to 4
percent trucks, and it increased to 98,000 ADT by 1986.
Additional lanes were added to the facility to handle the
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TABLE 2 APPROXIMATE PRESTRESSED PAVEMENT COST

Item Unit Quantity Bid Price (§)  Total ($)
Prestressed concrete pavement (6 in.) yd2 40,700 9.00 366,300
Gap slab concrete pavement (10 in.) yd?2 1,060 17.00 18,020
Prestressing concrete pavement Lump sum 1 50,000.00 50.000
Polyethylene membrane yd? 40,700 0.75 30,525
Load transfer dowel assembly Each 1,920 6.00 11,520
Expansion joint sealing Linear ft 1,900 42.00 79,800
Total 556,165

Note: Total pavement area = 41,760 ydz.

increased traffic volumes, but the majority of the truck traffic
is on the prestressed concrete pavement. Thus the volume of
truck traffic on this pavement was underestimated by an
order of magnitude. The pavement has already carried more
truck traffic than estimated for its entire design life.

EVALUATION OF PAVEMENT PERFORMANCE

The research plan for the experimental section called for two
phases of pavement evaluation, a short-term study during
and after construction and a long-term pavement performance
evaluation. The short-term study consisted of measurement
of temperature of the slab, slab movements due to stressing
operations, joint width variations, and slab curling and
cracking (5, 6). Long-term pavement performance evaluation
consists of monitoring roughness, skid or frictional resistance,
joint performance, and surface condition.

Short-Term Evaluation
Temperature

Concrete temperature measurements were made using
thermistors embedded in the slab. Three locations were
chosen to monitor variations in slab temperature. Two slabs
were instrumented 4 ft from the shoulder and 4 ft from the
expansion joint, The third location was midlength and 4 ft
from the shoulder. The concrete temperature at each site was
measured by six thermistors, two each at depths of 0.5, 3.5,
and 5.5 in. An example of the temperature reading for one
slab is given in Table 3 (3). The temperatures in the pavement
were independent of pavement depth during the morning
hours. As expected, the surface of the pavement was hotter
than the bottom of the pavement during the afternoons. The
maximum observed difference was 12°F.

Slab Movement

Changes in slab length were measured before application of
the prestress jacking force, after each stage of prestressing,
after 28 days, and intermittently thereafter. The results of
these measurements for one slab are given in Table 4 (3). As
the data in the table indicate, the slab shortened 0.024 ft on

TABLE 3 CONCRETE TEMPERATURE IN SLAB 15 (3)

Temperature (°F)

Date Time Top Middle Bottom
06/08/77 7:00 a.m. 97 101 99
3:00 p.m. 130 123 122
06/23/77 7:00 a.m. 106 105 106
3:00 p.m. 143 133 131
07/07/77 7:00 a.m. 105 104 105
3:00 p.m. 146 144 144
07/21/77 7:00 a.m. 98 101 101
3:00 p.m. 137 131 127
08/04/77 7:00 a.m. 100 100 104
3:00 p.m. 134 130 126
08/18/77 7:00 a.m. 99 ®99 100
3:00 p.m. 131 127 123
09/01/77 7:00 a.m. 93 87 87
3:00 p.m. 110 104 104
09/15/77 7:00 a.m. 85 81 80
3:00 p.m. 104 98 97
09/28/77 7:00 a.m. 80 78 78
3:00 p.m. 102 95 90
10/13/77 7:00 a.m. 69 70 71
3:00 p.m. 100 93 90

TABLE 4 LENGTH MEASUREMENTS OF SLAB 27 (3)

Air Slab Length
Date Time Temperature (°F) Between Pins (ft)
4/13/77 11:00 a.m. 79 396.364
41477 9:30am. 79 396.340
4/15/77 8:30 a.m. 68 396.305
4/18/77 9:00 a.m. 75 396.301
4/19/77 820am. 70 396.285
6/08/77 8:45 a.m. 87 396.270
9/28/77 I:15pm. 95 396.286

Note: Concrete placed 4/ 12/ 77. The first reading was taken before any
slab prestressing. The reading on 4/18/77 was taken after final
prestressing had been applied to the slab.

initial prestressing, 0.063 ft after final prestressing, and 0.078
ft 5 months after construction. The initial shortening was
caused by the application of the prestressing force to the slab
(i.e., elastic shortening); the final 0.015 ft of shortening is due
to the effects of long-term shrinkage and creep of the concrete
section. The average change in slab length was 0.0575 ft with a
low of 0.024 ft and a high of 0.10 ft.



The change in slab length is also a function of the frictional
resistance between the LCB and the prestressed slab. When
the prestressing force was high enough to overcome the
friction, slab movement began; this explains the time lag
between prestress application and recorded slab movement.

Joint Widths

Joint widths were monitored in conjunction with the slab
length measurements. Joint movement data are provided for
Slab 2 in Table 5 (3). The original design called for a 2-in.
maximum joint opening and a |/ 2-in. minimum joint opening.
The data indicate a consistent joint width with time; however,
temperatures are missing for cooler periods.

Slab Curling

Slab curling was also monitored after construction of the
pavement. Two slabs were instrumented with elevation plates
mounted at approximately 4-ft intervals on the pavement
surface. The vertical movement due to warping was measured
with a level and precise leveling rod. The results of these
measurements for the corner of the slab are given in Tables 6
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TABLE 5 JOINT MOVEMENTS FOR SLAB 2 (3)

Joint Opening (in.)

Concrete
Date Temperature(°F) West East
06/08/77 113 1.726 1.771
06/23/77 124 1.781 1.828
09/28/77 84 2.047 1.109
10/13/77 94 1.813 1.859
10/31/77 1.969 2.000
11/21/77 1.859 1.506

Note: Pavement placed 4/4/77; joint placed 5/12/77.

and 7 (3). Positive numbers indicate an upward curl and
negative numbers indicate a downward curl. Air temperature
and concrete temperature were recorded. The data were
recorded for approximately 32 hr. As expected, the corner of
the slab moved downward as the temperature increased.

Initial Cracking

Crack surveys were conducted after completion of concrete
placement and periodically after the stressing operation. An

TABLE 6 SLAB CURL DATA: BEGIN SLAB 19(3)

Reading Change Air Concrete
Time (in.) (in.) Temperature (°F) Temperature (°F)
7:15a.m. 0.700
8:45 a.m. 0.740 -0.040
9:30 a.m. 0.755 -0.015 76 80
10:30 a.m. 0.774 -0.019 76
11:30 a.m. 0.788 -0.014 80
12:30 p.m. 0.799 -0.011 82
1:30 p.m. 0.804 -0.005 84
2:30 p.m. 0.808 -0.004 86
3:30 p.m. 0.810 -0.002 88 112
4:30 p.m. 0.805 +0.005 83 108
5:30 p.m. 0.798 +0.007 83 103
6:30 p.m. 0.780 +0.018 82 88
7:30 p.m. 0.752 +0.028 78 82
8:30 p.m. 0.736 +0.016 76 78
9:30 p.m. 0.721 +0.015 74 78
10:30 p.m. 0.713 +0.008 72 72
11:30 p.m. 0.709 +0.004 70 72
12:30 a.m. 0.705 +0.004 64 66
1:30 a.m. 0.700 +0.005 62 64
2:30 a.m. 0.695 +0.005 60 60
3:30 a.m. 0.690 +0.005 58 60
4:30 a.m. 0.686 +0.004 58 56
5:30 a.m. 0.685 +0.001 60 58
6:30 a.m. 0.688 -0.003 58 58
7:30 a.m. 0.711 -0.023 68 74
8:30 a.m. 0.741 -0.030 74 88
9:30 a.m. 0.769 -0.028 80 94
10:00 a.m. 0.777 -0.008 80 100
10:30 a.m. 0.783 -0.006 80 100
11:30 a.m. 0.799 -0.016 90 104
12:30 p.m. 0.805 -0.006 86 102
1:30 p.m. 0.806 -0.001 88 110
2:30 p.m. 0.803 +0.003 86 98
3:30 p.m. 0.805 -0.002 88 91

Note: Readings taken on 5/11/77. + =slab curling upward and - = slab curling downward.
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TABLE 7 SLAB CURL DATA: END SLAB 20 (3)

Reading Change Air Concrete
Time (in.) (in.) Temperature (°F) Temperature (°F)
7:30 a.m. 0.500
8:45 a.m. 0.467 -0.033
9:30 a.m. 0.452 -0.015 76 80
10:30 a.m. 0.435 -0.017 76
11:30a.m. 0.421 -0.014 80
12:30 p.m. 0.418 -0.003 82
1:30 p.m. 0.418 0.000 84
2:30 p.m. 0.418 0.000 86
3:30 p.m. 0.418 0.000 88 115
4:30 p.m. 0.424 +0.006 83 111
5:30 p.m. 0.431 +0.007 83 105
6:30 p.m. 0.444 +0.013 82 89
7:30 p.m. 0.459 +0.015 78 80
8:30 p.m. 0.467 +0.008 76 76
9:30 p.m. 0.479 +0.012 74 72
10:30 p.m. 0.484 +0.005 72 70
11:30 p.m. 0.490 +0.006 64 64
12:30 p.m. 0.496 +0.006 64 64
1:30 a.m. 0.500 +0.004 62 66
2:30 a.m. 0.506 +0.006 60 60
3:30 a.m. 0.513 +0.007 58 58
4:30 a.m. 0.515 +0.002 58 58
5:30 a.m. 0.516 +0.001 60 58
6:30 a.m. 0.515 -0.001 58 58
7:30 a.m. 0.509 -0.006. 68 68
8:30 a.m. 0.468 -0.041 74 82
9:30 a.m. 0.455 -0.013 74 94
10:00 a.m. 0.439 -0.016 80 100
10:30 a.m. 0.431 -0.008 80 102
11:30 a.m. 0.419 -0.012 80 102
12:30 p.m. 0.417 -0.002 86 102
1:30 p.m. 0.416 -0.001 88 108
2:30 p.m. 0.420 +0.004 88 98
3:30 p.m. 0.426 +0.006 88 94
Note: Readings taken on 5/11/77. + =slab curling upward and - = slab curling downward.

example of the crack survey information for one slab is
shown in Figure 4. As shown in the figure, the cracks were
measured and recorded twice daily after placement of the
concrete and periodically after final prestressing. This example
shows two longitudinal joints and several transverse cracks.
The longitudinal joints were formed between lanes and
between the driving lane and shoulder by placing plastic
strips in the pavement at the time of construction. The
transverse crack widths are small, on the orderof 1/64to 1/4
in. The final prestressing force closed several of the transverse
cracks as indicated in Figure 4.

Long-Term Pavement Evaluation

The long-term performance of prestressed pavements is an
important factor in the consideration of this method as a cost
competitive alternative to conventional paving techniques.
The life-cycle costs must be determined in order to evaluate
the overall effectiveness of the prestressed pavement alterna-
tive. Four measures of long-term performance are monitored:
(a) longitudinal profile characteristics or roughness, (b)

surface skid or frictional resistance, (¢} joint performance,
and (d) surface distress.

Roughness

The ride quality of the experimental section of prestressed
pavement was found to be considerably poorer than that of
conventional concrete pavement sections immediately after
construction. The initial roughness as measured by the Mays
ride meter ranged from 180 to 270 in./mi whereas that of
conventional concrete pavements generally ranges from 100
to 150 in./ mi (4). This initial roughness is attributable to the
type of surface texture used on the prestressed pavement
section and problems encountered during construction.

The variation of surface roughness with time for the
prestressed section based on Mays meter results is shown in
Figure 5. For 3 years after construction, the roughness
apparently increased significantly. In 1981 the roughness
measurements dropped significantly and then were stable but
highly variable from year to year. Much of the variability in
the roughness measurements may be attributed to variations
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04-12-77  9:15 A.M. - No apparent cracks.
3:15 P.M. - No apparent cracks.
04-13-77  7:45 A.M. - STA 245 + 22 + full transverse 3/32" to 1/4" +.
4:00 P.M. - STA 245 + 22 + full transverse 1/64" to 1/32" #.
04-14-77  B8:00 A.M. - STA 245 + 22 + full transverse barely visible.
3Nk
04-16-77  7:30 A.M. - STA 245 + 22 + ful) transverse hairline.
04-18-77  10:30 A.M, - STA 245 + 22 *+.
04-26-77  9:30 A.M. - STA 245 + 22 + full transverse closed.
STA 246 + 95 + 28' from medfan 3' long 3/16 - 1/16.
06-28-77 245 + 22 crack closed.
246 + 93 to 246 + 97 three transverse.
Cracks 10' in from shoulder.
Two 12" and one 3' long, width between 1/32" and 3/32".

245 + 77 to 245 + B3 seven cracks both longitudinal and transverse
10" in from shoulder. Widths from hairline to 1/16".

09-21-77  Same as 06-28-77.
03-06-78  Same as 06-28-77.
246 + 50 4 transverse cracks in travel lane only.

+
+

246 + 25 transverse crack in distress lane.
243 + 85 2' long crack in right W.P in travel lane.

05-31-79 245 + 80 6 small } 1/2’ cracks in D.L. otherwise same as last survey.

02-18-81  Many small cracks at about 8' from edge of prestress pavement.

04-12-83  Many small transverse cracks in drive lane.
Transverse crack at STA 245 + 60 across drive lane.

FIGURE 4 Example of crack survey data (westbound Slab 23).
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in the Mays meter. ADOT has an active program for
maintaining the calibration of their Mays meter, so the
measurements shown in Figure 5 are on a common scale,

Friction

Measurements of frictional (skid) resistance were conducted
after completion of construction and annually thereafter with
the use of a Mu-Meter. The results of friction measurements
of the pavement are given in Table 8 (3). The initial friction
number is high because traffic has not worn down the rough
surface texture. The friction number appears to have reached
a consistent value of approximately 45 for both the westbound
and the eastbound roadway sections. This value is within the
safe range of frictional resistance, and the pavement surface
appears to be withstanding the heavy traffic volumes.

Joint Performance

The performance of joints has been a major problem for the
prestressed pavement section. Maintenance forces have
repaired these joints several times during the life of the
pavement. The poor joint performance also partly explains
why the roughness values are so high. Spalling of the joints
has been the biggest problem to date. Poor consolidation of
the concrete material around the joint hardware is probably
the main cause of spalling at the joints. High stresses induced
by truck loading also could have caused spalling at the joints.
Most spalled areas have been repaired with epoxy. The steel
extrusions were welded and the neoprene joint material was
replaced by maintenance forces on several joints. Before
repair, however, foreign matcrial cntcred some of the joints
and may pose a problem in the future. During the condition
survey in 1986, it was noted that joint condition had again
deteriorated. The neoprene seal is missing from practically ail
of the joints. The joints are filled with sand, gravel, and other

MAYS ROUGHNESS HISTORY
PRESTRESSED CONCRETE PAVEMENT
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FIGURE 5 Roughness versus time for the prestressed pavement.
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TABLE 8 MU-METER VALUES FOR PRESTRESSED PAVEMENT (3)

1977 1978 1979 1980 1981 1982 1983 1984
Eastbound
MP 4 89 54 38 50 43 43 58
MP 5 52 41 52 41 49 46
Westbound
MP 4 82 46 38 45 32 39 40
MP 5 53 42 47 41 41 50

Note: Average values for both lanes. MP = milepost.

debris. The steel extrusion is broken at one joint. Many of the
joints have spalling and corner breaks. Maintenance crews
have placed asphalt patches in several locations.

Surface Condition Surveys

Condition surveys have been performed several times to
monitor the performance of each slab with time. The location
and severity of all cracks in the prestressed concrete slabs
were recorded as shown in Figure 4. After completion of
construction in 1977, subsequent crack surveys were con-
ducted in 1978, 1979, 1981, 1983, and 1986. Figure 4 shows
the history of each slab with time and the progression of
cracks in the pavement section.

The prestressed pavement section was evaluated by the
authors during July 1986. The surveys were conducted early
in the morning when traffic volumes were relatively low and
temperatures ranged between 90° F and 100°F. Even though
the surveys were performed early in the morning, the traffic
volumes forced the observation of distress from the shoulder.

Eastbound Roadway Section The most notable problem
with the eastbound section was the number of joints patched
the entire width with epoxy. This condition was probably
caused by impact loading at the joints and underconsolidation
of the concrete around the joint hardware, which resulted in
premature cracking and spalling along the joint. Several of
the welded steel extrusions have been broken and repaired by
ADOT maintenance crews. Figure 6 shows the epoxy patches
and the transverse cracks near the joint indicating impending
joint failure. Figure 7 shows spalling typical of several of the
slabs near the joints. This figure shows the effect of under-
consolidation of the concrete; the steel extrusions have
caused the spalling to accelerate. The condition survey
indicated that 90 percent of the joints in the eastbound
direction have been repaired with epoxy patches.

During the summer of 1985 one prestressing strand anchor
failed on the east end of Slab 1. The bearing plate was
removed, the strand cut, and an asphalt patch installed. This
repair is shown in Figure 8. Figure 9 shows a close-up of the
longitudinal crack located near the broken strand. The
longitudinal crack between the shoulder and the driving lane
is continuous along the section but has significantly widened
near the broken strand. Heavy truck loading is applied in
close proximity to the strand. It is assumed that the pre-

stressing force has been entirely dissipated and is not
contributing to the structural capacity of the pavement
section. A detailed investigation of the effects of this failure
will be undertaken.

A section of prestressed concrete pavement was removed
and replaced in Slab 4 as shown in Figure 10. The repair
appears to be performing well although new longitudinal
cracks have appeared in the original pavement on either side
of the repair. The continuity of the prestressing steel was
maintained for this repair.

Several slabs and gap slabs have experienced corner breaks
due to warping stress, restraint provided by the load transfer
devices, and incompressible materials in the joints. In many
cases the patches are also failing as shown in Figure 11.

Several surface defects were noted in the prestressed
pavement slabs of the eastbound lanes including pop-outs,
spalling of the cracks, poor concrete consolidation, de-
pressions caused by the paving and texturing operations, map
cracking, transverse cracking, and longitudinal cracking. The
longitudinal cracks have appeared since the last condition
survey in 1983. Several of the transverse cracks have opened
and spalled since the previous survey.

Westbound Roadway Section The condition of the west-
bound section was much better than that of the eastbound
section. Only a few of the joints had been repaired with epoxy
patches across the entire roadway. The westbound section
was constructed after the eastbound and special care was
taken to provide adequate consolidation of the concrete near
the joint hardware. Several of the joints are, however,
beginning to show some cracking. Some of the joints were
filled with debris. Longitudinal cracks are much less frequent
than on the eastbound lanes.

One joint had experienced a corner break and was patched
with asphalt. The patching material is damaged as shown in
Figures 12 and 13. Note the size of the studs and their close
spacing. The studs are 1/2 in. in diameter, 6 in. long, and
spaced 6 in. apart. It is hypothesized that this design has
resulted in stress concentrations in a plane 6 in. from the joint.
Failure of both the concrete and the steel studs indicates that
this is an inadequate design for the joints.

Several surface defects were noted in the westbound
section including depressions caused by paving operations
(Figure 14), poor concrete consolidation, polishing, transverse
cracks with spalling (Figure 15), pop-outs, transverse cracks,
crescent cracks in the wheel path, and longitudinal cracks.



FIGURE 6 Epoxy patch and transverse crack at a joint. FIGURE 8 Repair patch at location of broken strand.

FIGURE 9 Close-up of longitudinal crack where the tendon is
FIGURE 7 Spalling at a joint. broken.
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FIGURE 10 Repair of concrete.

FIGURE 11 Example of failed patch at corner break.

CONCLUSIONS

Prestressed pavement in Arizona has performed well for the
past 9 years but is now showing distress. Truck traffic volume
on the facility has exceeded design assumptions. The pavement
has carried more trucks than the volumes estimated during
design.

The predominant maintenance problem is correction of
spalling at the joints. This is particularly bad on the
eastbound lanes, which were the first constructed. The
distress at the joints may be attributed primarily to poor

consolidation of the concrete. The joint design may further
aggravate the failure problem at the joints.

The excessive roughness of the pavement may be attributed
to construction problems. The problems with construction
may be largely charged to the experimental nature of the
project. There was a significant reduction in problems during
construction of the second part of the project.

Although the levels of distress are relatively minor, there
has been a significant increase in the amount of distress
during the past 3 years. The most notable types of new
distress are spalling of the midslab transverse cracks and
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FIGURE 13 Exposed extruded steel at joint.

development of longitudinal cracks. These types of distress
are of greater concern in a prestressed pavement than in a
conventional pavement because of the thickness of the slab.
For the pavement to continue to perform, aggregate interlock
must provide load transfer across the longitudinal crack. The
prestress design will not assist in maintaining the aggregate
interlock of the longitudinal cracks.

The performance of the prestressed pavement could have
been significantly improved through better design and
construction. The paver train was stopped several times
during construction; this contributed to the excessive initial
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roughness of the pavement. The gap slabs should be
eliminated, thereby removing one-half of the joints. Actual
joint design could be improved to facilitate construction.
Slab length could be increased to further reduce the number
of joints. The neoprene joint sealer was inadequate and a new
method is required for sealing joints. The 500-ft-long slabs
are performing as well as the other slabs.

These conclusions were derived with the benefits of
hindsight. The performance of the prestressed pavement has
been adequate, and the lessons learned from the pavement
have made the experiment a success. Prestressed pavements
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FIGURE 14 Depression caused when paving train stopped.

FIGURE 15 Spalling of transverse crack.

11

appear to be a viable alternative to conventional concrete
pavements at least for the initial design period. Maintenance
and rehabilitation of the structure are now primary concerns.
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FEACONS III Computer Program for
Analysis of Jointed Concrete Pavements

MANG T1A, JAMSHID M. ARMAGHANI, CHUNG-LUNG WU,

SHAU LEL, ANDKEVINL. TOYE

A computer program named FEACONS III (Finite Element
Analysis of CONcrete Slabs) was developed in response to a need
for a suitable analytical model to analyze the behavior of
concrete pavements effectively and realistically. The program
has been used extensively in the analysis of existing concrete
pavements and a test road in Florida. The analytical model and
computational procedure used by FEACONS III are described
in detail, and the analytical results from the program are
compared with actual measured results for a few specific cases.
The FEACONS III program was shown to be both versatile and
effective in the analysis of concrete pavement response. The
modeling of the edge by means of edge stiffness and the joint by
means of linear joint stiffness and torsional joint stiffness
produced fairly realistic analytical results. It is hoped that this
paper can enhance understanding and proper usage of the
program and increase the awareness of highway engineers of the
importance of the effects of temperature, joint, edge, and
subgrade conditions to concrete pavement response.

During the past few years the University of Florida has been
working with the Florida Department of Transportation in
the testing and evaluation of concrete pavements in Florida.
Some of the objectives of this ongoing research work include
(a) better understanding of the effects of temperature,
moisture, joint, edge, and subgrade conditions on pavement
behavior and performance; (b) determination of causes of
failure in existing pavements; and (¢) development of an
effective and convenient procedure for the use of the falling-
weight deflectometer in the evaluation of pavement condi-
tions. In the course of this work, a need arose for a suitable
analytical model that could be used to analyze the behavior of
concrete pavements effectively and realistically. Subsequently,
a computer program named FEACONS (Finite Element
Analysis of CONCcrete Slabs) was developed. FEACONS was
written in a structured fashion such that it could be easily
modified and enhanced. The present or third version of the
program, named FEACONS 111, can analyze the response of
a concrete pavement system subjected to combinations of
concentrated and uniform vertical loads. It can consider the
following factors in the analysis:

1. Weight of concrete slabs,
2. Subgrade voids beneath concrete slabs,

Department of Civil Engineering, University of Florida, Gainesville,
Fla. 32611.

3. Effects of joints,

4. Looseness of dowel bars,

5. Effects of edges,

6. Effects of temperature differentials between the top
and the bottom of slabs, and

7. Nonlinear subgrade response characteristics.

The output of the program may include the following:

1. Deflections of concrete slabs due to their own weight
and temperature effects;

2. Deflections of concrete slabs due to applied loads;

3. Moments, stresses, and principal stresses in concrete
slabs; and

4. Maximum deflection, moments. stresses, and principal
stresses in concrete slabs.

FEACONS III has been used extensively in the analysis of
existing concrete pavements on a test road in Florida, and
some of the results were presented at the Annual Meeting of
the Transportation Research Board in 1986 (/). The purpose
of this paper is to describe in full detail the analytical model
and the computational procedure used by FEACONS Il and
to compare the analytical results from the program with
actual measured results for a few specific cases. It is hoped
that this paper can enhance the understanding and proper
usage of the program and increase awareness of highway
engineers of the importance of the effects of temperature,
joint, edge, and subgrade conditions to concrete pavement
performance.

MODELING OF CONCRETE PAVEMENT

A jointed concrete pavement is modeled by a three-slab
system as shown in Figure 1. Each concrete slab is modeled as
an assemblage of rectangular plate bending elements with
three degrees of freedom at each node, namely,

1. Translation in the vertical (z) direction,
2. Rotation about the x-axis, and
3. Rotation about the y-axis.

The finite-element formulation of the rectangular plate
bending element, known as the MZC rectangle, was developed
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FIGURE 1 Finite-element modeling of a three-slab pavement
system.

by Melosh (2) and Zienkiewicz and Cheung (3). The MZC
rectangle has been used widely to model concrete pavement
slab behavior in finite-element computer programs such as
WESLIQUID and WESLAYER developed by the U.S.
Army Corps of Engineers Waterway Experiment Station (4),
ILLISLAB developed by the University of Illinois (5), and
the finite-element programs developed by Purdue University
(6) and the University of Kentucky (7). The formulation and
characteristics of the MZC rectangular element are presented
in the Appendix.

Load transfers across the joints between two adjoining
slabs are modeled by shear (or linear) and torsional springs
connecting the slabs at the nodes of the elements along the
joint. The linear and torsional spring elements and the
corresponding stiffness matrix are shown in Figure 2.
Looseness of the dowel bars is modeled by a specified slip
distance, such that shear and moment stiffnesses become fully
effective only when the slip distance is overcome. The
effective dowel stiffnesses are modeled as varying linearly
with the difference in deflection at the joint, when the
difference in deflection is less than the slip distance. The
relationship of effective joint stiffnesses and difference in
deflection at the joint is shown in Figure 3. Frictional effects
at the edges are modeled by shear springs at the nodes along
the edges. The subgrade is modeled as a liquid or Winkler
foundation by a series of vertical springs at the nodes.
Subgrade voids are modeled as initial gaps between the slab
and the springs at the specified nodes. A spring stiffness of
zero is used when a gap exists. Either a linear or a nonlinear
load-deformation relationship for the springs can be specified.
For the linear case, the subgrade stiffness remains constant as
long as the slab and the subgrade are in contact with one
another. For the nonlinear case, a load-deformation relation-
ship of the following form is used:

F = Ad + Bd? (N
where

F = force/area,

d = deflection, and

A and B = coefficents to be specified in the input.

The subgrade stiffness is thus equal to A + 2 Bd, which varies
with the deflection.
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FIGURE 2 Linear and torsional spring elements modeling joint
behavior.
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FIGURE 3 Effective joint stiffnesses as functions of the
difference in deflection at the joint.

SCHEME OF THE COMPUTER PROGRAM
Figure 4 is a flowchart showing the major computational

steps in the FEACONS 111 program. The program computes
the total induced slab deflections in three major steps: First,
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FIGURE 4 Simplified flow
chart showing the major steps of
FEACONS III.

the deflections caused by the weight of the slab are computed.
Second, the additional deflections caused by thermal curling

applied loads are computed. The program then computes the
internal moment intensities, flexural stresses, and principal
stresses in the slab from the final total slab deflections.
Computational schemes used in these major steps are
described in the following subsections.

Computation of Slab Deflections

Figure 5 is a flowchart that shows the scheme for computing
the deflections due to the weight of the slabs, thermal
gradients, or applied loads. An incremental computational
procedure is used. The force vector (F) due to the weight of
the slab, thermal gradients, or applied loads is first computed.

TRANSPORTATION RESEARCH RECORD 1136

ENTER

CONSTRUCT STRUCTURE STIFFNESS
MATRIX, K,
DUE TO THE CONCRETE SLABS

I —

MODIFY K FOR JOINT
STIFFNESSES WITH NO SLIP

i

MODIFY K FOR EDGE STIFFNESSES

(USED ONLY IN THE COMPUTATION

FOR DEFLECTIONS DUE TO THERMAL
GRADIENTS OR APPLIED LOADS)

| =

COMPUTE FORCE VECTOR, F, DUE
TO WEIGHT OF SLABS, THERMAL
GRADIENT, OR APPLIED LOADS

COMPUTE [NCREMENTAL LOAD

VECTOR, AF
AF = F/(NO. OF INCREMENTS)

}

INITIALTZE COUNTER

T

MODIFY K FOR JOINT
STEFFNESSES WITH SLIPS
(FOR DOWEL JOINTS)

I T

MODIFY K FOR SUBGRADE
SUPPORT CONDITIONS

COMPUTE INCREMENTAL
DEFLECTIONS, AV,
FROM K(AU) = AF

L

/13\-- HO
1= NO. OF INCREMENTS Com [
7

YES

EXIT

FIGURE 5 Flow chart of scheme for computing slab deflections.

The force vector is then divided by the number of increments
specified to obtain the incremental load vector (AF). The
deflections (A U) caused by the incremental force vector arc
computed from the stiffness equation

K(AU) = AF (2
where

K = structure stiffness matrix,
AU = vector of incremental nodal deflections, and
AF = vector of incremental nodal forces.

The structure stiffness matrix (K) is constructed from the
stiffness matrices of the plate elements (see Appendix), the
stiffness matrices of the joint spring elements, the stiffnesses
of the edge springs, and the stiffnesses of the subgrade
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springs, according to the finite-element mesh selected and the
deflections of the slab at that point. Edge springs are used to
model the frictional effects at the edges and thus are used only
in the computation for the deflections due to thermal curling
and applied loads. After each computation of incremental
deflections, K is modified according to the newly deflected
positions of the slab. The new K is then used to compute the
next set of incremental deflections.

Three numbers, indicating the numbers of increments to be
used in the three major computational steps, have to be
specified in the program input. In general, the higher the
number of increments, the better the accuracy of the results of
analysis will be. However, if K does not change throughout a
computational step, only an increment of [ needs to be
specified for that computational step. This applies to the case
in which the subgrade contact conditions do not change
throughout a computational step and no slips are specified at
the joints.

The weight of the slabs is modeled as a uniform distributed
load. The structure force vector due to the weight of the slabs
is constructed from the force vectors of the plate elements due
to a uniform distributed load. The explicit expression for the
element force vector due to a uniform distributed load is
given in Equation A-25 in the Appendix.

The expression for the equivalent nodal forces on a plate
element due to a uniform thermal gradient is given in
Equation A-27 in the Appendix. These element force vectors
are used to generate the structure force vector for the thermal
effects.

The structure force vector due to applied loads is con-
structed from the concentrated nodal forces and the element
force vector due to uniform distributed loads.

Computation of Internal Moment Intensities

The internal moments per unit length at the nodes are
calculated from the final nodal deflections. The nodal
deflections for each element are first extracted from the final
structure deflection vector and then used to compute the
internal moment intensities of the element at the nodes. The
expression for computing the internal moment intensities is
given in Equation A-29 in the Appendix. The moment
intensities at each node are the two bending moment
intensities (M, and M ) and the twisting moment intensity
(M ). M isthe bending moment intensity due to o ,, flexural
stress in the x-direction, M, is due to o . flexural stress in the
y-direction. M is due to 7 . shearing stress in the xy-
direction. The directions of these moment intensities and the
corresponding stresses are shown in Figure 6.

Two elements that are incident at the same node may have
different moment intensities for that node. This is because
only continuity of nodal displacements is required and the
moment intensities are dependent on the individual geometry
of an element and thus are unique for an individual element.
To obtain more representative values of moment intensities
for a node, the program calculates the average values of the
moment intensities as computed from the adjoining elements
and uses them for the computation of stresses.

TYPICAL
NODE

'l/j\l
MOMENT
INTENSITIES

STRESSES

FIGURE 6 Moment intensities and stresses at a node.

Computation of Stresses

Flexural and shearing stresses are calculated from the
moment intensities using the following equations from
classical thin plate theory:

122 3)
o¥ o =M,
12z
U'J, S — MJ, (4)
f3
-12z
T<\_.|_ = 3 jw).’}‘ (5)
t

where ¢ is thickness of the slab and z is distance from the
centroid of the slab. The program computes the stresses at the
bottom of the slab by setting z = ¢/2 in the equations.
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COMPARISON OF FWD MEASUREMENTS WITH
ANALYTICAL RESULTS

The FEACONS I1I program has been used to analyze falling-
weight deflectometer (FWD) data obtained from existing
concrete pavements. A few examples are presented here to
illustrate how the FWD data can be analyzed and how well
the analytical results obtained from the FEACONS 111
program match actual FWD measurements.

Modeling of an FWD Load

The FWD applies an impulse load to the pavement by means
of a weight dropped from a specified height onto a circular
loading plate, which is usually 30.5 cm (12 in.) in diameter.
The FWD load was modeled in the analysis as a static load
uniformly distributed over a square area 30.5 X 30.5 cm
(12 X 12 in.).

FWD Load at the Center of a Slab

The deflection basin caused by an FWD load applied at the
center of a slab can be used to evaluate the subgrade modulus
and the concrete modulus of a pavement. A deflection basin is
defined here as a profile of maximum induced deflections,
which are measured by geophones placed at appropriate
positions on the slab. Several prediction equations have been
developed by the authors to relate FWD deflections to
subgrade modulus. These prediction equations can be used to
estimate the subgrade modulus from the FWD deflection
data. The FEACONS program can then use these values as
the material parameters and compute the expected deflection
basin. The computed deflection basin can then be compared
with the measured one to determine if the estimated parameter
values are reasonable and to adjust these parameter values, if
necessary. The details of the interpretation of FWD data will
be presented in a follow-up paper. Here, the main purpose is
to show how well deflections computed by the FEACONS
model match measured deflections.

Example 1 is a 9-kip (40-kN) FWD load at the center of a
slab from a test section of [-10 in Jefferson County, Florida.
The concrete slab is 12 ft wide, 20 ft long, and 9 in. thick and
has doweled joints. The test was run at midnight when the
recorded temperature differential between the top and the
bottom of the slab is negative. With the temperature lower at
the top of the slab, the slab should be curled slightly
downward at the center and thus should have full contact
with the subgrade at the center. The full contact condition
was verified by a plot of FWD load versus deflection at the
center of the load that indicated a linear load-deflection
relationship. The elastic modulus of the concrete was
determined to be 4,076 ksi (28.08 GPa) from core samples
taken from the test slab and tested in the laboratory. The
subgrade modulus was determined to be 221 pci (60.01
MN/m?) by the following regression equation:

log 4K, = 3.2507 - 1.8966 log D, (6)
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where K is subgrade modulus (in kci) and D is deflection (in
um) at the center of a 9-kip FWD load applied at the center of
the slab.

This regression equation is applicable for a concrete slab
with a thickness of 9 in. (23 ¢m) and an elastic modulus of
4,000 ksi (28 GPa) and is an example of the regression
equations developed in this study.

The determined values of concrete modulus and subgrade
modulus were used as input parameters in the FEACONS 111
program, and the deflection basin caused by a 9-kip (40-kN)
FWD load at the center of the slab was computed. Figure 7
shows the comparison of the measured deflection basin along
the longitudinal centerline with the deflection basin computed
by the FEACONS III program. It can be noted that the
computed deflection basin matches the measured one fairly
well.

For this loading condition, results of analysis indicated
that edge stiffness (K ) and joint stiffness (K, and K ;) had
negligible effects because the edges and joints were far from
the FWD load.

I | T [ I
| Ec= 4076 ksi |
Ks= 221 peci
20 |- Ke= 8 ksi N
K = 7000 ksi
o~ | Ky= 50000 k -
c
o
it e =
E L J
=
O -60p -]
-
© e -
w
-
w -80 —
w
o I8 -
+ Computed Deflection
-100 O Measured Deflection —|
1 micron= 1 E-6m= 3.937 E-5in |
-120 I L 1 | 1

0 2 4 6
DISTANCE FROM SLAB CENTER (ft)

FIGURE 7 Deflection basin along longitudinal centerline
due to a 9-kip FWD load at the center of the slab.

FWD Load at the Edge of a Slab

Example 2 is a 9-kip (40-kN) FWD load at the center of the
edge of a slab. The test slab is the same one used in Example 1,
and thus the material parameters are the same. Tests were
conducted at midday when the recorded temperature
differential is positive. With the temperature higher at the top
of the slab, the slab was curled downward at the edges and
had full contact with the subgrade at the edges. This full
contact condition was verified by the linear load-deflection
relationship observed from the FWD data.

Using the same concrete modulus and subgrade modulus
used in Example 1, various deflection basins were calculated
by varying K ;and compared with the measured one. By this
trial-and-error procedure, K. was determined to be 8 ksi (55
MPa). Figure 8 shows the comparison of the measured
deflection basin along the edge with the computed one from
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FIGURE 8 Deflection basin along the edge due to a
9-kip FWD load at the edge center.

the FEACONS III program. The computed deflection basin
matches the measured one fairly well. For this loading
condition, analysis results indicated that joint stiffnesses had
negligible effects. This was because the joint was far away
from the load.

FWD Load at a Doweled Joint

Example 3 is a 9-kip (40-kN) FWD load at the center of a
doweled joint. The test slab is the same one used in Examples
1 and 2. Tests were conducted at midday when the slab was
curled downward at the edges and joints. It was found that,
when the looseness in the dowel bars was modeled with a slip
of 0.1 in. (2.54 mm), the computed deflection basin matched
the measured one fairly well. Figure 9 shows the comparison
of the computed deflection basins and the measured ones
alongthe loaded and the unloaded sides of the doweled joint.

FWD Load at an Undoweled Joint

Example 4 is a 9-kip (40-kN) FWD load at the center of an
undoweled joint. The test was run on a pavement slab on I-10
in Jefferson County, Florida, at midday when the slab was
curled downward at the joints and edges. It was found that,
by using a linear stiffness of 45 ksi (310 MPa) and a torsional
stiffness of 50,000 kips (222.5 MN), a good match between the
computed deflection basin and the measured one was
achieved. Figure 10 shows the comparison of the computed
and measured deflections along the loaded and the unloaded
sides of the undoweled joint. Comparison of the performance
of the doweled joint and the undoweled joint (Figures 9 and
10) indicates that a doweled joint may not provide a better
load transfer mechanism than an undoweled joint, especially
when there is excessive looseness in the dowel bars. For this
comparison, the deflections at the doweled joint were actually
much higher than those at the undoweled joint. This was
partly because the subgrade stiffness of the doweled slab was
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FIGURE 9 Deflection basins along a doweled joint due
to a 9-kip FWD load at the center of the joint.
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FIGURE 10 Deflection basins along an undoweled
joint due to a 9-kip FWD load at the center of the joint.

much lower than that of the undoweled slab and partly
because there was excessive slip in the doweled joint.

FWD Load at a Doweled Joint with Voids

Example 5 is a 9-kip (40-kN) FWD load at the center of a
doweled joint with appreciable voids under the joint. The test
was run on a pavement slab on I-10 in Walton County,
Florida, at midday when the recorded temperature plots
showed that the temperature was higher at the top of the slab.
In this case, it was found that a good match between the
computed deflections and the measured deflections was
achieved by modeling the joint as having a strip of subgrade
voids, 121in. (30 cm) wide and 0.01 in. (0.254 mm) deep, along
the entire joint. Figure 11 shows these computed and
measured deflection basins along the loaded and the unloaded
sides of the joint. In this case, the induced deflections on both
sides of the joint were high.
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FIGURE 11 Deflection basins along a doweled joint
with voids underneath due to a 9-kip FWD load at the
center of the joint.

CONCLUSIONS

The analytical model and the computational scheme used by
the FEACONS 111 program for analysis of concrete pavements
have been presented in this paper. The computer model used
by the FEACONS 11l program has been shown to be both
versatile and effective in the analysis of concrete pavement
response.

It has been demonstrated that the edge, joint, and subgrade
conditions need to be properly modeled in the analysis.
Modeling edge and joint behavior by means of edge stiffness
(K p). linear joint stiffness (K,), and torsional joint stiffness
(K ;) and modeling the subgrade as a Winkler foundation, as
used by the FEACONS 111 program, produced fairly realistic
analytical results. The program can be used to estimate
pavement parameters (such as subgrade modulus, elastic
modulus of concrete, and joint and edge stiffnesses) and to
compute the critical induced deflections and stresses caused
by a combination of traffic loads and thermal conditions.
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APPENDIX: FINITE-ELEMENT FORMULATION OF
THE MZC RECTANGLE

Assumptions

The finite-element formulation of the MZC rectangular plate
bending element as developed by Melosh (2) and Zienkiewicz
and Cheung(3) is presented in this section. The formulation is
based on classical thin plate theory that assumes that (a) the
thickness of the plate is small compared with its length and
width, (b) the lateral bending displacements are small
compared with the thickness of the plate, and (¢) normals to
the neutral surface remain straight and normal during
deformation.

Normal Displacements and Forces

A rectangular plate element is shown in Figure A-1. The three
independent displacements at each node are (a) lateral
deflection (w), (b) rotation about the x-axis (©,), and (c)
rotation about the y-axis (G)J,). The two rotations (© ,and © )
are related to w by the following equations:

_ow
0, ¥ — (A-1)
oy
ow
e, = — (A-2)
ox

The three displacements at node i can be denoted as

vi (A-3)

The 12 nodal displacements of the element can be denoted
as

u, (A-4)

The corresponding forces at each node are (a) the downward
force (f, ), (b) the moment in the x-direction (f,), and (c) the
moment in the y-direction (fo,)- The forces at node i are
denoted as

S
fi = |Jox
Joy (A-5)
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FIGURE A-1 Rectangular plate element.
The 12 nodal forces of the element are denoted as
¥
o= |/
i
! (A-6)

The displacement function (w) is represented by a
polynomial in terms of x and y as

w = A +Ax+Ayy+ Ax? + Agxy + Agy?
+ A3+ Agxly + Agxy? + A3+ A Xy
+A12xy3 (A-7)

By investigating this polynomial, it can be seen that along
any boundary line, where either x or y is constant, w will vary
as a cubic function. Because a cubic function is uniquely
defined by four constants, the two end values of slopes and
displacements at the two ends will define the displacement
along this boundary line uniquely. Because such end values
are common to adjacent elements, continuity of w will be
imposed all along any interface.

The displacements at node i can now be expressed in terms
of x and y coordinates as

N
A+ Apx, % Agy, ¥ Agxi + 0 ¢

- o " 2 -
Ay + Agx; ¥ QA+ Agxg

Ay + 24,5 % Agl; ¥ JAaxd w00 »

(A-8)

The 12 nodal displacements of each element can be
expressed as

ut'= CA (A-9)
where Cisa 12 X 12 matrix in terms of the coordinates of the
nodes and A is a column matrix of the constants.

Thus the constants A can be expressed as

PR (A-10)

Curvatures and Internal Moments

The curvatures and twists at any point of the plate can be
expressed as

o o )
] [ad, - 64,% - 24,y - 64,7
ox?
_ 2w
x=|- =| 244 - 2Agx - 643y - 64 ,xy
oy?
22w 2
24, + dAgx + dd,y + 64, x
L 2] [ 64,2 A-L)
or
X = BA = BClue (A-12)

where B is a 3 X 12 matrix in terms of the x- and
y-coordinates.

The internal moment intensities (moments per unit length)
are related to the curvatures by

MX
M= M, | = Dix-xp

M, (A-13)
where

B 1voO
D = v1o0 for an isotropic material,
12(1 -vd (00 12(1 - v)

E = elastic modulus,
v = Poisson’s ratio,
t = thickness of plate, and
XT = curvature changes occurring in an unrestrained

element due to temperature alone.
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Internal and External Virtual Works
By the principle of virtual work,

oU, =6 W, (A-14)
where 6 U, is the virtual internal work (strain energy) and 6 W,
is the virtual external work on the element caused by a set of
virtual nodal displacements (6u¢).

The virtual external work due to the concentrated nodal
loads f, is

6W,, = (6u9)f, (A-15)

The virtual external work due to the distributed load q is

W, = [[(6w)Tq dx dy (A-16)
Equation A-7 can be rewritten as
w o = {Lxyxixpyixdxty,xy3y3 x3y, xp31 A4
= PA (A-17)
From Equations A-10 and A-17,
dbw = S(LC'ud)
= PC'éu° (A-18)
Substituting Equation A-18 into A-16 gives
6W,, = [[(PC'6u®)Tq dx dy
= (bu)NCYHT[[PTq dx dy (A-19)

The total virtual internal work can be expressed as

6U, = [[(6x)™™ dx dy (A-20)
By using Equation A-12,
b6y = BC'6uf (A-21)

Substituting Equations A-13 and A-21 into A-20 gives

Ey F“ﬁln,‘

oU, JBCHout)TD(x - x 1) dx dy
J(BC'6u®)TD(BCue - x ;) dx dy
(6u)T(CYTY[BTDB dx dy}C-'u¢
- (CYT[[BDy .dx dy]

(A-22)

Force-Displacement Relationship

Substituting the expressions for virtual external work and
virtual internal work into the virtual work Equation A-14,

oU,=6W, +6W,,
— (bu®)T(C") { [[BTDB dx dy } C'ue-(C"")T[|BDx pdx dy]

TRANSPORTATION RESEARCH RECORD 1136

= (6u®)Tf< + (6u) (C)YT[[PTq dx dy

—~ (CYT{[[BTDB dx dy}C'ue - (C1)T[|BDy ;dx dy
=f, + (CHI[[PTq dx dy

—kut-fr=fc+fp

—kut=f.+fp+fy (A-23)

where

k= (CYHT([BTDB dx dy)C', element stiffness matrix;

Jp & (C )TffP dx dy, equivalent nodal loads due to
distributed loads; and

fr o= (! )TffBD,\(de dy, equivalent nodal loads due to

temperature changes.

Element Stiffness Matrix

The explicit expression for the element stiffness matrix has
been evaluated by Zienkiewicz (8). For an isotropic material,
it can be expressed as

v B s SK], + [SK], + V[SK],
k (L] (LS Eohadly Reais Pl g
720 ab(l - v?)
+ ) [£]
2 (A-24)
where
2a = length of the element,
2b = width of the element,
J 10 0
[L] = J and J= (020
F 00 2af,
J
E = elastic modulus,
v = Poisson’s ratio,

t = thickness of plate, and
[SK],, [SK],, [SK]y, and [SK], are as given in Table A-1.

Equivalent Nodal Loads Due to Uniform Distributed Loads

When a uniform distributed load of g acts over an element,
the equivalent nodal loads can be calculated to be

1/4
-b/12
all2
1/4
b/12
all2
1/4
-b/12
-aj12
1/4
b/12
-aj 12

— —

/D = (CHT[[PTgdx dy = 4abg

(A-25)
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TABLE A-1 COMPONENT MATRICES OF ELEMENT STIFFNESS MATRIX

RS ~ ~
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[SI<]1=P‘Z 60 0 -30 -30 0 -15 60 [sK]4= <30 15 0 30 0 o0 30
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-
Equivalent Nodal Loads Due to Uniform Temperature 0
Gradients a
-b
When the temperature varies linearly from the top to the 0
bottom of the plate with a temperature differential of AT, the T T E? gAT -a
curvatures of the unrestrained plate element will be Jr=(Ch ff BDX pdxdy = — -b
12(1 - v) 0
[* 2w | [ AT | ¢
B = = b
ox? t 0
-a
Xp=| - %w _ | . oAT o Jedi)
y? (
0w L 0 Computation of Internal Moments
|2 oxay | (A-26) ,
T After the nodal displacements of an element (z¢) have been
determined, the internal moments can be calculated by using
where Equations A-12 and A-13 as
o ) M.
a = coefficient of thermal expansion, M o= |m = DX - X7
AT = (temperature at top) - (temperature at bottom), M-‘
and ks
t = thickness of plate element.

1]

The equivalent nodal loads due to this uniform temperature
gradient can be evaluated explicitly to be

DBC ¢ - Dy,
Su¢ - Dy, (A-28)
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TABLE A-2 STRESS MATRIX
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-1
6p "D
¥ -gap, e,  -6pp,  ~daD, 0 -<p7ln, 0 4bD, 0 0 0
+6le
6pr
~8aD 8bp —6pD ~4aD 0 —p~'p 0 4bD 0 0 0
-1 9 1 Y y 1 1
+6p Dl
-2D 4bey —4an9 2ny 0 :i‘a‘D_xg- 2ny —4bey 0 B —2ny 0 (1)
SP-IDX ,
-6pD, daD, 0 8aD, 8bD_ 0 0 o , -%p'n, 0 4bD_
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6pr
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Thickness Design of Roller-Compacted

Concrete Pavements

SHIRAZ D. TAYABjJ1 AND DAVID J. HALPENNY

Roller-compacted concrete (RCC) is a relatively stiff or zero-
slump concrete mixture that is compacted by vibratory roller.
RCC is capable of providing concrete with relatively high in-
place strength, and its engineering behavior is similar to that of
conventional concrete. RCC is being used as a paving material at
off-highway facilities such as container ports, intermodal yards,
log-sorting yards, truck parking areas, and tank aprons
(hardstands). Aninvestigation was recently conducted to develop
engineering data and procedures for design of RCC pavements.
A procedure for thickness design of RCC pavements is presented
in this paper. The design approach used for RCC pavements is
similar to the procedure used by the Portland Cement Association
for design of concrete airfield and heavy industrial pavements.
The proposed procedure requires computation of allowable
pavement stress based on the number of total load applications
and computation of expected pavement stress due to the design
wheel loading. A design thickness is selected such that the
expected pavement stress is less than the allowable pavement
stress. The proposed procedure is also applicable to mixed traffic
loading.

Roller-compacted concrete (RCC) is a relatively stiff or zero-
slump concrete mixture that is compacted by vibratory
rollers. Although the term roller-compacted concrete is of
recent origin (early 1970s), similar materials—mixtures of
cement, aggregate, and water—have been used for a much
longer time. These mixtures have been called cement-treated
base (CTB), cement aggregate mixture (CAM), or granular
soil cement (SC). However, CTB, CAM, and granular SC
usually are lower-strength materials with 28-day compressive
strengths of less than about 1,000 psi. RCC as used for paving
can be designed to achieve 28-day compressive strengths
similar to those of conventional concrete.

Since the first use of RCC in dam construction in the
United States during the 1970s, its <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>