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ABSTRACT

Tais report tollows tiarough design, construction, and pavement evaluation
of an experimental thin-bonaed coacrete overlay pavement placed on the south
Loop 610 freeway in Houston, Texas, auring the summer of 1983,

The body orf knowledge gained from this experiment anda Llaboratory work
conaucted at the Center for Traansportation Research, The University ot Texas
at Austin, 1is reported, Specifically, surface preparation techniques which
will result in good and durable bond between the concrete overlay and
pavement, construction techniques which would provide a high level of
serviceabi lity and an assessment of cost and structural value are included
herein,

This report 1is arranged su as to provide a framework for information
exchange between Lhose people and agencies contemplating the use of Bounded

Concrete Overlay as a pavement rehabilitation alternative.
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SUMMARY

The use of thin-bonded concrete overlay pavement is rapidly emerging as
a viable means to rehabilitate concrete pavements. In recent years, several
projects have been constructed, and valuable information has been gathered,
witihh the Iowa Department of Transportation leading the way.

However, a survey ot the available literature reveals that the
information is scattered ana in most cases, aifticulty arises when it comes
to making statistical inferences, simply because the information was not
collectea for that purpose (i.e., not task-oriented) or there has been no
prior weli-detined experiment design.

During the summer ot 1983, an experimental 1,000 feet of thin bondea
concrete overlay pavement was placed in TH-610, an eight-lane divided freeway
in Houston, Texas. The original pavement structure is an eignt-inch-thick
continuously reinforced concrete pavement. Five design sectlons were
constructed. Two main factors (comcrete reinforcement and overlay thickness)
were used at three ana two ilevels, respectively.

This report discusses several aspects of Bonded Concrete Overlay (BCO)
construction uasing the South Loop 610 experiment. First, design
considerations, construction aspects and pavement evaluation surveys are
presented followed by extensive data analyses in an effort to ascertain
pavement pertormance, Second, interpretation of the analyses is presented.
The report ends with conclusions derived from this study and various

laboratory investigations ot BCO.
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IMPLEMENTATION STATEMENT

Based on this study and the previous laboratory investigation, the

foliowing are recommended for implementation:

(1)

()

(3)

(5)

The thin-bondea coucrete overlay scheme usea in the South Loop 610
experiment is a viable rehabilitation alternative, and thus should
be included in the tuture project level Pavement Management System
decision making process in Texas.

During BCO construction, the same grade control requirements which
were used during construction of the existing pavement should be
used., This is particularly important since the BCO is expected to
provide many years of service lite.

Until further information is konown of the cost effectiveness of
other bonding agents, a mixture of water, cement, and plasticizer
should be used. This will deliver the expected bond performance.
The use of steel-mat-reinforcea BCO design is warranted in areas of
high tratfic leve! and intensity or high existing pavement
deflection.

The use of tiber-reinforcea BCO design 1s warranted when cracking

Ls the prime concern.
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CHAPTER 1. TINTRODUCTION

This report is concerned with the use of a thin layer (2 to 4 inches) of
Portland cement concrete (PCC) to rehabilitate an existing concrete pavement.
This chapter presents background information, the objectives, and the

organization and scope of the report.

BACKGROUND

In recent years, the highway industry in the United States has shifted
its attention from construction of new pavemeats to maintenance, repair, and
rehabilitation of the existing infrastructure. This shift has occurred

primarily due to two factors:

(1) The Interstate Highway program 1s nearing completion. The basic
highway network is now in place, and future activities will be
directed towards preserving this initial investment of public funds
through resurfacing, restoring, rehabilitating, or recoastructing
these highways.

(2) Most of the pavements now in service were built with a theoretical
twenty year design life. They are reaching the end of this period,

and rehabilitation of these pavements is needed.

In addition to these factors, there are financial, environmentat, and
ecological factors contributing to the trend toward maintenance and repair
(Ref 6). 1In Houstoun, the highway and street network comprises many miles of
continuously reinforced concrete pavements (CRCP). Overall, these pavements
are in good structural condition. However, pavement condition and evaluatioan
surveys indicate the need for rehabilitation in the near future.

This report is the second in a series of reports on a study of thin-
bonded concrete overlay (BCO) pavements conducted under a cooperative highway

research program between the Ceater for Transportation Research, The

RR357-2F/01 1



University of Texas at Austin, the Texas State Department of Highways and
Public Transportation, and the Federal Highway Administration. The report
specifically covers an experimental highway rehabilitation project
constructed on South Loop 610, a busy freeway in Houston. The South Loop 610
experiment was constructed in July and August 1983 and is performing
excellently as of the latest pavement evaluation survey, in November 1985.

The rehabilitation of concrete pavements with BCO is desirable because
of thermal and structural compatibility between the overlay material and the
overlaid pavement. Although concrete has been used for over thirty years for
the rehabilitation of concrete pavements (Ref 11), thin-bonded concrete
overlay pavement is only now emerging as a viable rehabilitation alternative.
This is primarily due to the availability of high production milling machines
and pavers and the introduction of new, energy efficient highway construction
materials, mainly concrete admixtures (synthetic and natural fibers, super
plasticizers). Theoretical studies have shown that a BCO will substantially
increase the structural capacity of an existing concrete pavement and,
therefore, could buy aaditional fatigue life for the structure. The Loop 610
experiment provides a good opportunity to test the theory under high tratffic
loadings.

Successful use of BCO would permit optimum use of resources available
for rehabilitation of the pavement network and allow the rehabilitation of

many more miles of pavement in the system.

OBJECTLVES

The objectives of this report are the following:

(1) Describe the design, construction and pavement monitoring program
for the South Loop 610 project in Houston.

(2) Report on the initial pavement performance as determined by
periodic evaluation surveys.

(3) Interpret the data collected during two years of observation.

RR357-2F/01



ORGANIZATION AND SCOPE OF THE REPORT

Chapter 2 highlights the design and construction of the South Loop 610
experiment in Houston. Concepts and design considerations that led to the
construction of a 1,000 foot stretch of BCO are reviewed and discussed.

Chapter 3 presents field measurements, including Dynaflect deflections,
concrete movement measurement, collection of concrete cores to test ia the
laboratory, and concrete quality coatrol data during construction.

Chapter 4 1is concerned with performance data from periodic pavement
evaluation surveys,

Chapter 5 attempts to estimate the total cost of the project from the
viewpoints of the users and the Houston Urban Office.

Chapter 6 discusses the results of the experiment and underscores its
achievements and weaknesses overall.

Finally, concluding remarks and recommendations derived from the study
are presented in Chapter 7.

It should be noted that this report does not seek to be exhaustive or
authoritative on the subject of rehabilitating concrete  pavements with
BCOs; the approach is rather selective and inferential in tnat immediate and
related answers could not be found but could be calculated or derived from
the wealth of data available to the authors. Again, the South Loop 610
experiment constitutes the centerpiece of the report, and the primary concern
is for highway pavements; nonetheless the methodology and techniques used
could equally well apply to airport pavements. Laboratory investigations
were summarized in Ref 5 and more theoretical considerations will be
presented in a subsequent report, which will also address the mechanistic

design of BCOs and related issues.
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CHAPTER 2. BACKGROUND ON EXPERIMENTAL TEST SECTIONS

This chapter introduces the field experimeat in Houston, which uses
various types of thin-bonded concrete overlay pavements. The design and

construction of the test sections are discussed.

DESTisN CONSIDERATIONS

The South Loop 610 experiment was designed using the principles of
statistics. Main factors which were thought to have a significant effect on
the performance of BCOs were first identifiea. These were (1) type of
concrete reintforcement and (2) overlay thickness (see Table 2.1).

The tollowing design sections were actually built in the field.

(1) Two~-inch thick plain concrete overlay,

(2) Two-inch thick steel reinforced (welded wire fabric) concrete
over lay.

(3) Three-inch thick steel reinforced (welded wire fabric) concrete
over lay.

(4) Three-inch thick steel tiber-reinforced (Bekaert's Dramix ZP 50/50)
concrete overlay.

(5) Two-inch thick steel fiber-reintorced (Bekaert's Dramix ZP 50/50)

concrete overlay.

Note that the factorial experiment design did not 1include a 3-inch-thick
plain concrete section and is, therefore, only a partial factorial.

It was desired to assess the etficts of the main factors and their
interactions, if any. At the same time, an effort was made to factor out
possible confounding of undesirable secondary eftects. Twe such effects that
were factored out are traffic level and temperature differential for the
overlay and the original pavements attributable to coarse aggregate types.

To overcome tratfic effect, the project location was selected so that no

RR357-2F/ 02 5



TABLE 2.1. FACTORIAL DESIGN FOR THE SOUTH LOOP 610,
HOUSTON EXPERIMENTAL PROJECT
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entry nor exit ramp existed for the entire length of the project (1,000
feet). Therefore, 1f we assume that only a few lane changes occur on the
1,000 foot section and that weaving is also at a minimum, we can accept that
a given design section receives the same number of load applications as the
section next to it within a given lane. The analysis of pertformance data
therefore can be conducted as a two—way design wherz [ane 1s the blocking
variable. We shall return to this in a subsequent chapter. As can be seen,
the physical layout is here coupled with an intended purpose, that of
assessing the main effects of signiticant factors. To avoid the temperature
difterential effect, not only was the same type of coarse aggregate specified
but also the same source, l1.e., the Colorado River; the gravel was a
quartzite.

Since the type of coarse aggregate has a significant effect on concrete
strength and coefficient of thermal expansion, it atffects temperature induced
movement aad thus CRCP-BCO system performance. When the same source of
coarse aggregate is used, only the inherent variability within the borrows
remains, Since this is conceivably of the same order of magnitude as existed
when the original CRCP was counstructed, the chances of difterential movement
between the original and overlay pavements are considerably reduced after a
good bond has been achieved; therefore possible debonding due to interface
shear failure is reduced,

Finally, a noteworthy feature of the experimental design was simplicity.
It was thought that any concrete paving coatractor with reasonable experience
could handle this project without specialized equipment, and the materials

selected would be readily available,

PROJECT INFORMATION

The Loop 610 experiment consisted ot overlaying a 1,000 foot section of
IH-610, a major urban freeway which encircles downtown Houston. The site
selected for the experiment is on South Loop 610 between Cullen Boulevard and

Calais Street, approximately 3.5 miles east of the AstroWorld/Waterworld

RR357-2F/02



amusement park complex. At this location, the roadway is an 8-lane divided
highway with four through lanes in each direction, and a concrete median
barrier. Main lane widths are 12 feet and shoulders are 10 feet wide
(Fig 2.2). Only the four eastbound lanes were overlaid in this experiment.

Figures 2.1(a) and 2.3 show the plan view ana the longitudinal profile
of the roadway, respectively., As can be seen in Fig 2.3, the 3-inch steel-
reinforced, 3-inch fiber-reinforced, and 2-inch fiber~reinforced sections are
all on a slight upward grade (+ 3.60 percent). Figure 2.1(a) shows the
location and the horizontal alignment; on the eastbound lanes no entry nor
exit ramp exists tfor the length of the project (cross-hatched area).
Figure 2.1(b) shows the details of the arrangement of the test sections.

The original pavement structure is a continuously reinforced concrete
pavement (CRCP) with 0.5 percent longitudinal steel and 5 sacks per cubic
yard cement factor. The CRCP rests on a b-inch thick cement treated subbase.
The natural material comprising the subgrade is a silty clay (Figz 2.2).
Construction was completed on this section of roadway on 4 June 1969; it now
carries an estimated average annual daily traffic of 113,000 vehicles per day
with 8 percent trucks.

To date, the original CRCP has performed well in general. At the site
of the experimental project, the types of surface defects present were
primarily closely spaced transverse cracks, spalled transverse cracks,
longitudinal cracks, and asphalt and polymer concrete patches. Figures 2.4

and 2.5 illustrate a few of these distress manitestations.

PROJECT SPECIFICATIONS

Special specitications were written for this project. They covered six

items, as tollows:

(1) description,
(2) materials,
(3) equipment,

(4) construction methoa,

RR357-2F/02
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Transverse cracks —- original pavement.
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Fig 2.5.

Spalled cracks -- original pavement.
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(5) measurement, and

(6) payment.

The special specifications are incluaed in Appendix A, Note that the
concrete mix designs under Item 2 were different for fiber and no-fiber
(i.e., plain concrete and steel reinforced concrete) sections. The fiber
sections were designed with a higher cement factor (8 sacks versus 7 sacks
per cubic yard) and a higher water factor {5 gallons versus 4.5 gallons per
sack of cement).

The specitications on the BCO project were to be in accordance with the
details shown on the plans; from these, the wire fabric sizes tor the steel-

reinforced sections were specified as follows:

(1) 3-inch overlay — 6 x 12 =~-- D12 x D4.2
(2) 2-inch overlay — 6 x 12 -- D8 x D4

(3) permitted end lap -- 12-inch minimum, and
(4) permitted edge lap — 6~inch minimum.

Finally, Table 2.2 affords a comparison of the special specifications
for the Loop 610 project with those for various BCO projects constructed in

recent years,

MEASUREMENTS PROGRAM

Measurement of several variables was considered on this experimental
project. They can be thought ot as respoanse variables, CRCP-BCO system
output variables, or performance variables.,

A moditied Nikon camera was mounted on a horizontal pole attached to a
truck for photologging. Photologging allowed a pictorial record of pavement
surface conditions before and after overlay coastruction.

The Dynatlect 1is widely wused for measuring pavement surface
deflections. In pavement engineering practice, surface deflections are used

tor many purposes (e.g., characterization of materials, detection of voids

RR357-2F/02
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TABLE 2.2.

COMPARISON

OF TBCO

SPECIFICATIONS USED BY VARIOUS AGENCIES

Specification

Agency

Towa

Louisiana

New York

Texas

U.S. Navy

One Facility type
where used

Project Location
and Date

Length/Area

Original Pavement
Type

Surface
Preparation

T8C0 Depth

Unique TBCO
Design

Maximum Sfize of
Coarse Aggregate

Slump (inch)

Interstate dighway

[-80, West lowa,
Summer, 1979

4-1/2 miles x
24 ft lanes

CRCP (B-inch)
JRCP (10-inch)
76-1/2 ft joint
spacing

Scarification and
joint blasting

3-inch Nominal

Yes

3/4-inch

1-1/2 » 12 inch

Primary; rural highway

Us-61
May, 1981

0.8 mile x 2 lanes

JRCP (9-inch)
20 ft joint spacing

Patching

Transverse Jjuints
¢leaned and resealed
“Blastrac” slab cleaner
Air blasting

4-inch Average

Yes

l=inch

1 - 2-1/2 inch

Interstate Highway

1-81 Nortn of Syracuse,
April-Qctober, 1981

3 miles x 6 lanes
(12 ft wide)

JRCP (9-inch)

43 ft joint spacing

. 3-inch milling at
deteriorated joints

. Scarification

. Sand blasting

. Cleaning

3-1inch Nominal

Yes

1-inch

2-1/2 tinch

Urban Freeway

South [H-610, Houston

July-August 1983

4 lanes x 1,000 ft

8-inch CRCP

Parking Aproa

Maval Air Station,

Norfolx, VA

4,000 square yards

25 x 25 ft slabs

. Scarification (1/4-1nch}

. Sand blasting
. Air plasting

2-3 inches

No

3/4-inch

3 - 4 inches

2-12 inthes
Yes
1/72-1inch

4-inch maximum

(continued)
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TABLE 2.2. (CONTINUED)
Agency
Specification lowa Louisiana New York Texas .S, Navy
{ement Factor 585 1bs/cy 545.2 1bs 658 or 752 bs/cy 600 1bs
Water/{ement 0.43 {.489) 0.48 0.44 0.40 or 0.44 .38 {including
Ratis fly ash}
Air Content 6.0 §+2 5.5 ~ 9.5 4-6 4.5 * 1.5
Percent
Bonding Agent Water<Cement water~Cement Water-Cement Water-Cemant
Sand-Graut Graut Sand~Grout Grout

Surface
Fintshing

Type of Concrete
Curing

Unit of
Measurement and
Payment for T8CO
Placed

Burlap Orag or
Broomed Finish

Curing Compound
&t 10 sg. yd per
gallon

Square Yard

Transverse Metal
Tine Finish

¥hite Pigmented
Curing Compound

Square Yard

Motor Driven
Tine Rake

White Pigmented
Curing Compound at
.75 SF per gallon

Tine Finish

Membrane Curing
at 120 SF per
gatlon for 4 days
above 40°'F

Square Yard

Transverse Finishing
Machine

Hand Finishing in
Emergencies or
Inaccessible Argas
Longitudinal Flosting
Straight dge Fintshing

¥

Wt 8urlap Mats, 7 days
waterproof Paper, 7 days
Blanket

Impervious Sheeting, 7 days

.
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underneath slabs, evaluation of load carrying capacity of pavement
structures). In this case, the latter application was sought. Specifically,
it was desired to know how surface deflections were atfected by the various
thin-bonded concrete overlay designs.

The General Motors Research (GMR) digital profilometer was used to
record road profiles betfore ana after overlay construction. By using
roughness data, the profilometer permits the engineer to estimate
serviceability index, a user-oriented performance measure of the roadway.

Visual condition surveys were conducted before and after overlay
construction., The detailed method used in this case is called the "small
sections" method. A crew walked the pavement and recorded any visible
distress manifestations, Cracks were mapped and spalls were counted and
classitied as minor or severe. A condition survey 1is the single most
important item of the pavement monitoring activities and will usually dictate
the course of action (routine maintenance or major repair) to be taken.

Concrete movement across cracks and, therefore, crack width is a major
factor contributing to the performance of CRCP. A mechanical strain gauge
was used 1in this project to monitor concrete movement after overlay
placement. To this end, metallic boxes with removable metal tops were
inserted at quarter points within each of the five design sections; gauge
plugs were placed in the boxes on the original CRCP and above the boxes
across the same cracks on the BCOs. Prior to the overlaying, crack widths
were read with a graduated microscope. The data appear 1in Table 2.3.

During construction, field tests were performed. They included concrete
and air temperatures, concrete air value, slump test, ana for the flexural
strength test on beams.

After construction, 4-inch field cores were taken for laboratory
testing. The tests were CRCP-BCO interface shear strength, using a modified

shear collar, and splitting tensile strength.
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TABLE 2.3, SELECTED CRACK WIDTH MEASUREMENTS WITH MICROSCOPE AT QUARTER
POINT WITHIN EACH SECTION, PRIOR TO ROTO MILLING*

Distance From Microscope
Outside Edge Reading ** Crack Width

Location {in.} {div.) {in.)
1 18 7 0.014
2 39 17 0,034
3 37 12 0,024
4 34 21 0.042
5 32 15 0,030
6 25 6 0.012
7 32 8 0.016
8 39 10 0.020
9 37 13 0.026

10 34 14 0.028
11 34 8 0.016
12 35 11 0,022
13 31 12 0.024
14 39 19 0.020
15 31 8 0.016

* Same cracks were instrumented for Berry strain
gauge measurement.
** 1 division on microscope equals 0.002 inch,

Average temperature was 80'F.
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CONSTRUCTION

Construction began July 22, 1983, and was completed August 27, 1983.
After a six-day curing period for the last pour, all four lanes were opened
to traffic. Much of the delay incurrea is attributable to waiting out

' which struck the Houston-Galveston area August 18, 1983,

hurricane "Alicia,'
and the subsequent lack of ice, used to control concrete placement
temperature.

Construction proceeded in two phases:

(1) pPhase 1, the placement of overlays on lanes 1 and 2, the inside two
lanes, and
(2) Phase 2, the placement of overlays on Lane 3 and Lane 4, the

outside two lanes.

Traffic Handling

For about a mile in advance of the project location, high visibility
flashing signalization was used in addition to appropriate traffic signs to
notify the drivers of the closure of two lanes and portable arrows to
indicate which lanes to use. Portions of the existing 10-foot asphalt
shoulders were temporarily used, Barrels partially filled with sand, often
surmounted by caution flags, effectively closed off three lanes at a time to
traffic., Removable 4—~inch white lane delineators were used and speed limits
posted. Traffic lanes were reduced from 12 feet to 10 feet.

In phase 1, the inside two lanes were closed to traffic and an
additional lane was used to separate and protect workers from traffic., This
lane was also useful in expediting construction. In this way, about a 25-
foot width of pavement was available for construction.

In phase 2, the outside two lanes were closed to traffic. Traffic was
rerouted on part of the inside asphalt shoulder and the completed overlay
pavement, No accident was reported during the construction. A similar

traffic handling scenario was used later for monitoring the test sections.
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Sequence of Construction Operations

Surface preparation consisted of Roto milling to a nominal depth of 1/4
inch, which proved to be the minimum attainable, given the equipment and
pavement material., Dust control was a problem when it was windy., An
estimated three passes on average was required to cover the width of pavement
to overlay. After milling, the pavement surface was broomed with a stift
bristle broom to remove all chippings. Thereafter, the longitudinal joint
sealing material was reamoved using jack hamners. Finally, the surface was
thoroughly sand blasted to remove all contaminants.

At this stage, clean sound concrete was exhibited. Transverse cracks
which had a bad appearance at the surface now looked tightly closed; this
was a sign that the original CRCP was structurally adequate. It was also
revealed that the polymer concrete patching material had indeed penetrated
deeply iuto the cracks.

The Llast phase ot the pavement surface preparation consisted of air
blasting as close as possible to the grouting and paving operations.
Following air blasting, double polyethylene sheet protection was spread in
the middle of the two Llanes to be overlaid; ready-mix concrete trucks were
backed up on these sheets so that the prepared pavement surface was free from
their tire imprints and engine and transmission oil drippings. It should be
noted that no repair work (e.g., joint or crack sealing, deep patching, slab
jacking) was necessary on the prepared CRCP surface, which appeared to be in
excellent condition.

Immediate ly prior to paving, a water and cement gzrout was unitormly
broomed onto the full width of the prepared CRCP surface. The grout
consisted of water, cement, and a water reducing plasticizer. Thne water—
cement ratio was about 0.62 by weight or seven gallons of water per sack of
cement. The plasticizer used gave the bonding grout a creamy aspect. The
concrete was batched at a central plant and hauled in ready-mix trucks to the
construction site. The trucks were loaded at six cubic yard or less than 80
percent of capacity,

The concrete was dumped onto the grouted pavement surface and spread

manually. A transverse concrete finisher guided by ralils was used to
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consolidate and finish the concrete to grade. The inspector took frequent
readings to insure that the nominal specified tinicknesses were obtained.
Surface texturing consisted of transverse metal tine finish (i.e., wire
combing), and was accomplished by hand from a working bridge.

Following surface texturing, a white pigmented impervious curing
component was spread uniformly onto the overlay surtface from a second working
briage.

Within 24 hours of a pour, the pavement edge and centerline longitudinal
joints were saw cut. The centerline longitudinal joints were cut to a
nominal one inch depth and sealed with a hot-poured asphaltic material.

In phases one and two of the construction, the last pour was allowed to

cure for a minimum of six days before the lanes were opened to tratfic.
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CHAPTER 3. FIELD MEASUREMENTS

This <chapter preseants field data collected as part of the Loop 610
experiment; various analyses of the data are conducted in an effort to
ascertain the responses of interest. Specifically, Dynaflect detlection
data, concrete movement data, and quality control/quality assurance data are
coilatea and interpreted. This coanstitutes the basic purpose of the
experimental project.

During the course of the study, five periodic pavement evaluation
surveys were conducted by Center for Transportation Research personnel as

follows:

(1) May 11, 1983: Betore overlay.

(2) September 3, 1983: First survey immeaiately after overlay.
(3) February 13-16, 1984: Second survey after overlay.

(4) WNovember 7-8, 1984: Third survey atter overlay.

{5) May 7-8, 1985: Fourth and finuzl survey after overlay.

Note that overlay coastraction was c¢ompleted August 27, 1983, The various
activities conducted were as shown in Table 3.1 over a two year period betore

and atter overlay constvuction.

PAVEMENT DEFLECTION

The Lane~Wells Dynaflect device was used throughout this study to
measure pavement deflections. Dynaflect detlectious were taken during all
five pavement evaluation surveys.

Test Points Location

The Dynafiect test points were located with reference to the expansion

joint at the approach slab of the Calais Street overpass bridge; as can be
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TABLE 3.1.

PERIODIC PAVEMENT EVALUATION SURVEY BY YEAR

Pavement Evaluation Survey

Visual Oynaflect Longitudinal
Survey Condition Deflection Profile Roughness
Date Survey Measurements Measurements Photologyging

May 1983 Yes Yes Yes Yes
September 1983 No Yes Yes No
February 1984 Yes Yes Yes No
November 1984 Yes Yes Yes No

May 1985 Yes Yes Yes Yes
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seen in Fig 2.1, the Calais Street overpass bridge is at the end of the test
sections. Nine to twelve points were selected approximately on the
centerline of each lane within each design section for both the crack
condition (i.e., Dynaflect loading wheels close to a designated transverse
crack) and the midspan condition (i.e., Dynaflect loading wheels midaway
between two consecutive transverse cracks). Crack and midspan points were
alternated, before and after overlay coastruction. Once selected, the test
points were marked with spray paint and labelled C (tor crack) or M (for
midspan). 1In general, the paint endured the traffic remarkably well. Also,
a rolling tape was used before and after overlay to reference all test points
marked to the expansion joint; the measuarements obtained were recorded for

pussible future use.

Methodology

The methodology adopted calls for repeat measurements of the same test
points before and after overlay construction. Although the stated objective
was to test ten points per design section for crack condition ana tea mote
points for midspan condition, a drift occurred auring actual testing as can
be seen on Table 3.2, which shows the total number of points actually tested
by section, lane, and date. However, since this drift vesulted in the loss
of observations in some cells of the experiment design in an essentially
random manner (i.e., not dirsctly vrelated to the experimental variables) the
analysis is conducted by the wmethod of unweigzhted means; this approach is in
conformity with the views expressed hy Winer (Retf 12).

Note that because interior loading was used and Dynaflect testing was
usually finished before the hottest part of the day (i.e., the pavement still
curled upward or was at full contact with the subbase in the center), no
temperature correction was used in the analysis of the Dynaflect data.
Further, since relative comparisons were the primary goal and temperature
correction would not naecessarily provide amore accurate results, raw data was
ased throughout and served the intended purpose quite well.

Dynatlect aata have been used 1ia a number of studies to evaluate

the structural adequacy of pavements. Many state highway departments
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TABLE 3.2(a). NUMBER OF DYNAFLECT DEFLECTION POINTS TESTED
BY DESIGN SECTION AND DATE

Design
Sections May 1985 November 1984 February 1984  September 1983 May 1983

2" NR 76 16 48 74 74
2" R 92 92 58 92 92
3" R 84 83 54 82 80
3" F 92 90 54 88 88
2" F 71 74 46 16 76

Total 415 415 260 412 410




TABLE 3.2(b). NUMBER OF DYNAFLECT DEFLECTION POINTS TESTED BY LANE NUMBER

AND DATE

Date

Lane*
Number May 1985 November 1984 February 1984 September 1983 May 1983

1 105 104 104 100 100

2 104 104 52 104 104

3 104 102 52 104 104

4 102 105 52 104 102
Total 415 415 260 412 410
*Note: Lanes are numbered outwardly, i.e, the innermost lane (closest to the

median barrier) 1is labeled Lane 1 and the outermost lane (closest to the outside
shoulder) is labeled Lane 4,
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currently use Dynatlect deflections or other dynamic deflection sampling ana
measur ements as part of their overlay design methods. Dynaflect sensor
measurements and other deflection parameters (e.g., Surface Curvature Index,
Base Curvature Index, Deflection Basin Slope, and Spreadability) have been
correlated, with mixed success, to the performance of various types of
pavemeints.

Also, 1t has been found that the sensor No. 5 deflection (ws) coulda be
used to accurately predict the Young's modulus of the subgrade and that the
sensor No. 1l deflection (wl) was better correlated with the surface layer
modulus and, 1in addition, provided a good indication of the overall pavement
structural capacity.

In this report, deflection fitting techniques are used to obtain the
elastic constants of the various layers of the South Loop 610 pavemeat
structure at the experimental project site. In this manner, test section

remaining Lives ana structaral benefits of BCDs can be assessed.

STIMMARY AND CONCLUSIONS FOR T[HE DEFLECTION STUDY

Three methods of analysis have been used: univariate analysis of
variance, multipie classification analysis, and multivariate analysis of
variance. Details of the analyses are given in Appendix B.

The univariate analysis of variance revealed that the main effects lane
and section were sigaificant at a 5 percent confidence Llevel. The
interaction lane by section was also siznificant. The effect of sensor 1
position for the base CRCP and all other two-way interactioas for all four
Dynaflect data sets corresponding to testing dates May 1985, November 1984,
September 1383, and May 1984 were not significant.

The February 1984 data set was found ill-conditioned and probably in
error. Rather thaa attempt to reorder the data (by increasinz the order of
magnitude corresponding to the sensor layout) or other such manipulation,

this data set was removed from further analysis.
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The multiple classification analysis allowed for ordering of lane and
section effects for a given survey date.

Before overlay, the 2"F section had the lowest mean deflection and the
2"R the highest. Lane 1 had the lowest mean aeflection and Lane 3 the
highest.

Immediately after overlay, the differences between the mean lane
deflections were negligible (about one-tenth their initial values) aad
differeuces between mean section deflections varied depending on the sensor
number.

After overlay, tine 3"F section had the lowest mean deflection and the
2"NR the highest. The difference between the mean lane deflection varied
depending on the sensor number.

The before minus the after Dynaflect data allowed for an assessment of
the structural benefit of the five BCO design sections. Tiils 1immediate
effact was analyzed using univariate analysis of variance, maltiple
classitication analysis, and multivariate analysis of vaviance. It was found
th4t sigaificant eftects were lane, section and their interaction. The
position of sensor 1 was significant for sensor 1l and sensor 2 measurements
ouly.

Again, it was found that the 3"R section iaduced the greatest reduction
in pavement deflection. Lane 3, the lane with the worst deflection
characteristics, showea the largest improvemeut after overlay. In fact, the
order in lane deflection characteristics improvement remained unchanged
(i.e., 2nd worst, 2nd largest improvemeunt, etc.).

In the multivariate aaalysis of variance, three effects were studied:
survey date etfect, section effects for each survey date, and ilmmediate
section etfect after BCO) construction. The analysis of the date effect
revealed that even if the betore overlay data set is not considered, the data
sets after overlay were significantly ditfferent; thus, these data sets could
be studied on a date basis.

The section effect study showed that all other sectioans had
signiticantly different daflection basins from the 3"R, the s=ction which had
thie largest reauction in deflection after overlay, on all survey dates but

day 1985 and November 1984, whea the 3"R and the 2"R had statistically the
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same deflection characteristics, Therefore, the thickness effect varied by
survey date (i.e., there is a date by thickness interaction).

The immediate section effect study revealed that thickness effect is
significant for a high level and intemsity of traftic and that this effect
appears sooner for the fiber sections than for the steel reinforced sections.

For a level of traffic the fibers were more effective in reducing

the deflection of overliaid CRCP.

CONCRETE MOVEMENT AT CRACKS

Experiment Design

As part of the measurement program on the South Loop 610 BCO project, it
was proposed to study for a period of time immediately following construction
the movements of the CRCP and the five overlay sections across designated
cracks. It was felt that three typical cracks at quarter points within each
desizn section would provide representative data to be extended to the entire
section in question. The main issue to address at that point was how to
maintain contact with the original CRCP after overlay placement, To this
end, 15 metal boxes were fabricated at the Center for Transportation
Research. These were to be fastened onto the milled CRCP surface so that
their tops would be flush with the overlay surface. Accordingly, nine 2-
inch-high boxes and six 3-inch boxes were required. Figure 3.1 shows typical
measurement boxes used at the site. Note that all boxes were coated with a
multilayer of paint to inhibit rusting.

The measuring equipment selected was a Whittemore type multi-position
strain gauge developed by Soil Test, Inc., Evanston, Illinois. It is a high
precision mechanical strain gauge capable of "measuring movements through a

range of 0.2 inch with dial gradation of 0.0001 inch" (Ref 15).

RR357-2F/03



Fig 3. L

(b) Box bottoms.

Typical two and three inch high concrete movement
measurement boxes used in Lane 4.

31



32

For a period of two to three weeks immediately following overlay
construction, concrete movement was measured along with air temperature. The
measurements were takea three times daily: morning, afternoon, and night. An
outdvor thermometer with glass casing was first used during the experiment.
It was hung on a string and swung in the air above the pavement to obtain an
iverage alr temperature at the time of concret e movement measurement. During
the experiment, this thermometer broke and was replaced by a fresh concrete
thermometer with a metal probe. Air temperature was measured in an identical
manner.

Two sets of zauge plugs were installed on the CRCP (inside the boxes)
and on the BCO (oatside the boxes), respectively, as part of the Phase II
construction operations encompassing the overlayinz of the outside two lanes,
3 and 4.

The inside dimensions of the measurement boxes were approximately 4 x
14 inches (Fig 3.2). These boxes were installed at 18 inches on center from
the outside saoulder edge. The outside gauge plugs were installed at 12
inches from the boxes or a total of 30 inches from the pavement ecdge
(Fig 3.3). All concrete movement measurements were confined to Lane 4, the
outermost lane.

The installation procedure for the two sets of plugs was not the same;
the inside plugs were epoxied down on the milled CRCP surface whereas the
onkside plugs were mounted on brass iLaserts that were first drilled into the
"green" concrete and then epoxied down to the proper elevation.

The sequence of the box and gauge plug installation is illustrated in
Figs 3.4 through 3.7. The finished product is illustrated in Fig 3.3, and
#ig 3.9 shows a typical measurement.

Finally, it must be said that the shape and the dimensions of the boxes
were designed to sustain traftfic Loading while allowing for easy access to
the gauge plugs. By and large, this objective was achieved as revealed by

the periodic condition surveys.
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Fig 3.2

(b) Width at 4 dinches.

Dimension of concrete movement measurement boxes.
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Location of gauge plugs with respect to outside shoulder;
inside plugs at 18 inches on center and outside plugs
at 30 inches.



Fig 3.4.

Installation of inside gauge plugs on surface
of CRCP at 8 inches gauge length. Note
crack location.
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Fig 3. 5.

Installation of outside gauge plugs;
drilling of '"'green' overlay concrete.



Installation of outside gauge plugs;
plugs being epoxied down to proper
elevation.
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Fig 3.7 .

Installation of inside gauge plugs; sealing
bottom of a measurement box with slicone compound.



Fig 3. 8.

Final appearance of concrete movement measurement box;
note how it is flush with BCO surface. Also note
outside plugs. Marker is for scale.
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Fig 3. 9.

Typical concrete movement measurement on inside plugs.
Note easy access and position of hands. Also note
standard bar on B8CO surface.
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Testing Procedure

A gauge length of 8 inches was used throughout for both inside plugs and
outside plugs., On each test run, the top covers of the boxes were removed to
give access to the inside gauge plugs. A reading was taken on the ingide
plugs followed by a reading on the outside plugs, and this sequence was
repeated all over again. If the two measurements related to either set of
plugs differed by a significant amount, then additional measurements were
callea for. Otherwise, the operators proceeded to the next set of plugs.
This procedure allowed for true replicates of measurements. Figure 3.10
shows the form used in the field to record the data. It was specifically

taid out to be easy to use in the field as well as practical.

Recorded Concrete Movement

First, the concrete movement, X; or successive readings was calculated

as follows:

X = ¢ - G
where
c, = initial difference between bar reading, A, and gauge plug
reaaing, B ; and
C; = subsequent difference.
Therefore, C; = A; - B;3 1 = 0,1, 2, ... ; and i 1is an index that

denotes the incidence of measurements over time.

Ch is also called the reference constant. Its algebraic value is
subtracted from all subsequent measurements to obtain the relative movement
of concrete across a crack, X; (i.e, crack opening and closing). This
relative movement can be related to many variables. 1In this study, however,
temperature and time after overlay construction in 1/2 hour increments (a

substitute variable for shrinkage) were used as explanatory variables.
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CONCRETE MOVEMENT DATA FORM

Experimental Thin-Bonded Concrete Overlay Project

Section Number;
Operator's Name:

Starting Date:
Finishing Date:

Loop 610, Houston

Box Number:

Agency: Position:
Air Temperature: —___°F
Air Temperatiure: i~

A A
—_r

Run
No.

Date
{mo/day/yr)

Time
(hr:min)

Air Bar
Temp
No. 1

Reading

Gauge Plug
Reading
No. 1

Bar
Reading

Gauge Plugl

Reading

(F) No. 2 No. 2

Comments

INSIDE GAUGE PLUGS

OUTSIDE GAUGE PLUGS

Fig 3.10.

Concrete movement data form.
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Next, sumnary statistics of the data collected at all 15 cracks are
tabulate and presented in Table 3.3. In this table, negative values
correspond to elongation/expansion from initial reading, and positive values
to contraction. Thus, it can Dbe seen that, on an average, the type of
concret e movement experienced by the inside and outside gauge plugs (i.e.,
CRCP and BCO) is the same; in other words, the behavior of the pavement
system is monolithic. A few exceptions are noted however in the fiber
sections (Box ll, 13, and 14).

The probable implication here 1is that, over tie measurement period, no
significant debonding had occurred,

Another observation concerns the order of magnitude of the movenent.
The mean valae for the BCQO gauge plugs is in general several orders of
magnitude swmaller than it is for the underlying CRCP.

The implication in this case 1s that in most Likelihood, the cracks
monitored in the CRCP had not retiected through the BCO or that if they had,
they were even more tightly closed in the BCO than in the CRCP. A few
exceptions are noted in the steel mat reinforced sections (e.g., Boxes 5 and

9)‘

CONCRETE FIELD TESTS

During overlay construction, a number of tests were conducted for
concrete quality control. These included the slump test, determination of
concrete air content, determination of miaimum overlay depth, concrete
temperature, and 7-day flexural strength test of beams. The results of
these tests are presented ia Table 3.4 for both phase 1 of the construction,
involving Tane 1 and Lane 2 (the inside two Llanes), and phase 2 of the
construction, involving Lane 3 and Lane 4 (the outside two Lanes). Note
that lanes are numbered outwardly from the medianj thus, Lane 1 is the lane

adjacent to the median and Lane 4 is adjacent to the outside shoulder,
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TABLE 3.3.

SUMMARY STATISTICS FOR CONCRETE MOVEMENT DATA

Inside OQutside
(x 1074 4n.) (x 107 in.)
Design Box Standard Standard
Section Number Median Mean Deviation Median Mean Deviation
2"NR 1 32 30 16 5 5 4
2 - 23 - 26 13 - 14 - 13 6
3 13 12 10 13 13 6
2"R 4 2 -0.3 9 7 3 5
5 - 3 - 3 14 - 38 - 36 18
6 3 4 22 3 2 5
3"R 7 12 9 9 - 8 - 3 4
8 4 5 18 0 4 12
9 4 4 7 14 13 6
3"F 10 - 5 -7 8 - 3 -3 3
11 - 83 - 87 9 7 6 4
12 3 - 62 242 -0.5 -0.4 2
2"F 13 9 5 - a -9 5
14 - - 5 8 2 1 3
15 3 5 88 58 49
Expansion Joint - 80 - 89 146




TABLE 3.4. CONCRETE QUALITY CONTROL DATA DURING OVERLAY CONSTRUCTION

Average Average Range of
Average Flexural Chace Air Concrete
Slump Strength Value Temperature
Phase Lanes Section (in.) (PST at 7 days) (percent) (°F)
1 1 and 2 2"NR 3.6 889 4.1 75 - 82
2"R 4.3 878 2.4 76 - 78
3"R 5.5 992 3.0 79 - 85
3"F 5.2 870 5.3 79 - 85
2"F 5.1 920 4.6 79 - 83
2 3 and 4 2"NR 3.4 730 3.8 77 - 82
2"R 4.1 798 4.2 78 -~ 83
3"R 3.7 840 3.1 75 - 82
3"F 5.0 838 4.9 72 - 18
2"F 4.3 898 5.1 80 - 84
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As can be seen, the flexural strength of concrete for the 7 days test is
well above the 700 psi specitfied for the entire population; the mean flexural
strength is f = 864 psi with a standard deviation Of = 75 psi.
Although no durability test (e.g., freeze - thaw) was performed, it can be
inferred from the Chace air values (2.4 to 5.3 percent ) that this concrete
property would most likely be adequate.

Workability, as measured by the concrete slump, varied between 3.4 and
5.5 inches. This made for a concrete that could easily be placed. The fiber
sections did not present any particular difficulty in that respect. In
general the fiberous concrete was easily cast and surface finished. The
metal tine finish adopted was particularly appropriate in that it would
rearrange the steel fibers at the surface in a direction perpendicular to
traffic, thus effectively eliminating any potential for damage to rolling

tires caused by the steel fibers used in the paving concrete mix.
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CHAPTER 4. ANALYSLIS OF PERFORMANCE DATA

In this chapter, performance of the test sections 1s evaluated in terms
of the condition survey variables (e.g., cracking and spalling) and ride

quality (i.e., longitudinal protile roughness data).

CONDITION SURVEY DATA

Condition survey data were collected in May 1983 (before overlay
construction), February 1984 (ftirst condition survey after construction),
November 1984 (second condition survey after construction), and May 1985
(third condition survey after overlay).

The method used is called the small sections method. It is a detailed
procedure used for CRC pavements when complete information is desired and is
particularly appropriate for roadways that are experimental in nature
(Ref 16). At the Houston site, two lanes at a time were blocked off to
tratfic. To conduct the survey, a team walks onto the pavement in the lane
to be surveyed. Any visible distress is noted and referenced with a rolling
tape to some fixed highway element (e.g., milepost). In particular,
longitudinal and transverse cracks are mapped, and spalling 1is counted and
classified as either minor or severe spalliang.

Subsequently, the data are entered on a computer tile and processed
through the computer program CONSMS. The purpose is to store the data so
they can be easily accessed or manipulated at a later stage. The output from
CONSMS 1s summary information from all previous surveys. For the south Loop
610 experiment, the condition survey information derived from the CONSMS
output is presented in Tables 4.1 through 4.4. The data are first
aggregated by section, then by lane.

Tables 4.1 through 4.4 are derived from Tables 4.5 through 4.8, which
are three-way classifications of longitudinal cracking (Table 4.5),
transverse cracking (Table 4.6), minor spalling (Table 4.7), and severe

spalling (Table 4.8). The classification factors are lane (4 Llevels),
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TABLE 4.1. CRACKING SUMMARY IN THE VARIOUS DESIGN SECTIONS
First Second Third
Survey Before Survey After Survey After Survey After
Design Construction, Construction, Construction, Construction,
Cracking Section May 1983 February 1984 November 1984 May 1985
Longitudinal 2" NR 323 245 475 276
(ft)
2" R 200 202 552 122
3" R 291 247 595 316
3" F 489 4 124 0
2"F 348 60 74 53
Transverse 2" NR 264 81 143 49
(Actual Count)
2" R 305 116 249 131
3" R 289 223 374 130
3" F 288 28 99 44
2"F 119 11 28 4
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TABLE 4.2. SPALLING SUMMARY IN THE VARIOUS DESIGN SECTIONS

First Second Third

Survey Before Survey After Survey After Survey After

Design Construction Construction Construction Construction

Spalling Sectian May 1983 February 1984 November 1984 May 1985

Minor 2" NR 17 0 0 0
2" R 18 0 0 0
"R 9 0 0 0
3" F 15 0 0 0
2" F 4 0 0 0
Severe 2" NR 109 0 0 0
2" R 82 0 0 8
3" R 103 0 0 i
3" F 87 9 0 0
2" F 17 0 0 0
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TABLE 4.3,

CRACKING SUMMARY IN THE VARIOUS LANES

Survey Before

First
Survey After

Second
Survey After

Third
Survey After

Lane Construction, Construction, Construction, Construction,
Cracking Number May 1983 February 1984 November 1984 HMay 1985
Longitudinatl 1 149 102 147 118
{fe)
P 438 363 535 428
3 602 146 229 169
4 402 147 309 52
Transverse 1 283 118 228 89
{Actual Count)
2 313 108 203 87
3 344 121 245 109
4 319 112 217 73




TALBE 4.4.

SPALLING SUMMARY IN THE VARIOUS LANES

51

First Second Third
Survey Before Survey After Survey After Survey After
Lane Construction Construction Construction Construction
Spalling Number May 1983 February 1984 November 1984 May 1985
Minor 1 11 0 0 0
{Innermost)
2 12 0 0 0
3 19 0 0 0
4 21 0 0 0
(Outermost)
Severe 1 139 0 0 D
(Innermost)
2 131 a U ]
3 51 0 0 0
4 77 ] 0 0

{Outermost)




TABLE 4.5. LONGITUDINAL CRACKING BY DATE, SECTION AND LANE (FT)

Lane Number

Date Section 1 2 3 4 Total
May 1983 2" NR 25 112 121 65 323
2" R 66 46 24 64 200
3" R 30 49 152 60 291
3" F 12 152 183 141 489
2" F 16 138 122 72 348

Total 149 498 602 402
February 1984 2" NR 16 101 94 34 245
2" R 53 59 29 61 202
3" R 33 143 23 48 247
3" F 0 4 0 0 4
2" F 0 56 0 60

Total 102 363 146 147
November 1984 2" WNR 51 175 160 89 475
2" R 219 157 29 147 552
3" R 2717 243 23 52 595
3" F 0 4 3 117 124
2" F 0 56 14 4 74

Total 547 635 229 409
May 1984 2" NR 46 133 89 8 276
2" R 20 26 72 4 122
3" R 52 216 8 40 316
3" F 0 0 0 0 1]
2" F 0 53 0 0 53

Total 118 428 169 52




TABLE 4.6. TRANSVERSE CRACKING BY DATE, SECTION AND LANE (ACTUAL COUNT)

Lane Number

Date Section 1 2 3 4 Total
May 1983 2" NR 59 65 76 64 264
2" R 71 82 75 77 305
3* R 62 71 77 79 289
3" F 65 72 82 69 288
2" F 26 29 34 30 119

Total 283 319 334 319
February 1984 2" NR 6 17 33 25 81
2% R 5 15 49 47 116
3" R 103 54 38 28 223
3% F 2z 17 1 8 28
2" F 2 5 0 4 11

Total 118 108 121 112
November 1984 2" NR 15 27 53 48 143
2" R 41 43 87 78 249
3R 136 38 76 64 374
3" F 36 27 21 21 99
2" F 6 8 8 b 28

Total 228 203 245 217
May 1983 2" NR 11 10 14 14 49
2" R 20 16 57 38 131
3" R 42 48 24 i6 130
3" F 14 11 14 5 44
2" F 2 2 0 0 4

Total 89 87 109 73
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TABLE 4.7. MINOR SPALLING BY SECTION AND LANE, MAY 1983

Lane Number

Date Section 1 2 3 4 Total
May 1983 2" NR 5 3 3 6 17
2" R 0 4 6 8 18

3" R 2 2 4 1 9

3" F 1 3 5 6 15

2" F 3 0 1 0 4

Total 11 12° 19 21




TABLE 4.8. SEVERE SPALLING BY SECTION AND LANE, MAY 1983

Lane Number

Date Section 1 2 3 4 Total
May 1983 2" NR 32 30 22 25 109
2" R 24 28 13 17 82

3" R 37 36 11 19 103

3" F 39 29 5 14 87

2" F 7 8 D 2 17

Total 139 131 51 77
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section (5 levels) and date (4 levels). In Tables 4.5 and 4.6, the
information is presented for four time periods (one before overlay and three
after overlay); in Tables 4.7 and 4.8, the intormation is presented only for
the before overlay survey, because no spall had occurred when the last three
condition surveys were taken. Thus, in February 1984, November 1984, and May
1985 table entries tor both minor and severe spalling categories are all
zeros. Tables 4.5 through 4.8 are presented to give the reader insight into
the Llevel of aggregation which is not evident from an examination of
Tables 4.1 through 4.4. The latter set of tables summarizes the distress
manifestation under consideration.

Table 4.1 presents cracking in the various design sections for the four
time periods when condition survey data were collected. Two types of
cracking were recorded: longitudinal cracking and transverse cracking.
Longitudinal cracking is measured in units of lineal feet whereas transverse
cracking is measured as number of occurrences (i.e., actual count).

As can be seen, a significant decrease in the amount of both types of
cracking was noted six months atter overlay placement, and the harshest
winter on record in the recent past in Houston (February 1984 data), followed
by a tremendous increase for the November 1984 data and, finally, a sudden
decrease. The history of cracking is as would normally be expected, except
for the last change. The recorded decrease in the awount of cracking is best
explained by a combination of factors, but most importantly a change in
survey team. In addition, weather condition (the tightly closed cracks in a
CRCP are best seen shortly after a light to medium rain when the pavement is
still wet) and seasonal effect (e.g., pavement tewmperature at the time of the
condition survey) may have influenced the visual condition survey. However,
the trend in Table 4,1 still indicates that the fiber sections exhibit the
best performance with respect to cracking, and the 3-inch steel reinforced
section the worst.

Table 4.2 presents the number of spalled cracks by section for before
and after overlay conditions. As can be seen, virtually no spall has

occurred after almost two years of thin bonded coancrete overlay placement.
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Table 4.3 presents the cracking information by Llane. Again, the units
of measurement are lineal feet for longitudinal cracking and number of
occurrences (i.e., actual count) for traasverse cracking. In this form of
presentation, the data primarily indicate the effect of traffic. Basically,
after overlay construction in February 1984, the amount of longitudinal and
tranverse cracking was halved in the various lanes, At the next survey date,
the amount of cracking had almost returned to the original level, Finally, a
signiticant decrease is noted at the May 1985 survey. The effect ot BCO on
cracking 1s evident in all lanes in February 1984, 1In November 1984, the
increase in cracks is most Llikely due to reflection cracking of tne base
CRCP. The survey team effect manifested itself in the difference between
November 1984 and May 1985 data.

Transverse crackiag across the four lanes seems to occur more unitormly
than longitudinal cracking. Most likely, transverse cracks reflect through
the BCO earlier and more systematically than longitudinal cracks.

Overall, Lane 1 has the least amount of cracking and Lane 3 the most.
Therefore, an informal observation that the second right most lane on south
Loop 610 is the most heavily trafficked lane is contirmed.

Table 4.4 presents spalling by lane, Notice that no cracks showed
evidence of spall after overlay until May 1985 (twenty months atter overlay

construction).

ROUGHNESS DATA

The new GMR digital profilometer was used in at least two consecutive
runs within each of the four lanes of the test sections. The data obtained
were subsequently processed through the VERTAC computer program at the Center
for Transportation Research. The VERTical ACceleration (VERTAC) program
computes road profile statistics and estimates serviceability index, a user=-
oriented performance measure, based on combined information obtained under
both trailing wheels of the protfilometer.

The Serviceability Index (SL) values are presented in Table 4.9 by lane,

design section, and date, Because short sections, approximately 200 feet
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TABLE 4.9. SERVICEABILITY INDEXES BY LANE, SECTION AND DATE

8%

Date
Lane Design M
Number Section May 1983 September 1983 February 1984 November 1984 May 1985
1 2" AR 2.37 3.49 3.36 3.37 3.24
2" R 3.66 3.35 3.45 2.89 3.19
3" R 2,67 2,78 2.99 2.56 2.62
3" F 3.57 2.44 2.24 2,13 2.12
2" F 4,21 2.36 2,28 2.06 2.32
2 2" NR 3.70 3.66 3.76 3.58 3.33
2" R 3.57 2,96 3.08 2,78 2.70
3“ R 3.71 3.23 3.46 3.43 3.00
3" F 3.76 3.33 3.33 3,06 3.17
2" F 4,41 3.03 3.07 06 3.03
3 2" NR 4,11 3.06 3.07 3.00 3.03
2" R 3.92 3.22 3.46 3.32 3.32
3" R 3.89 3.44 3,61 3.50 3.14
3" F 4,08 2.61 2.64 2,45 2.62
2" F 4,44 3.25 3.59 3.45 3.22
4 2" NR 3.30 3.19 3.09 2.77 3.13
2" R 3.62 3.40 3.70 3.27 3.44
3" R 3.94 3,11 3.11 2.80 2.96
3« F 3.95 2.70 2.82 2.58 2.54
2" F 3.93 3.23 3.25 2.86 2.14
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long, were used, roughness data by section which could be derived from
Table 4.9 would not be meaningful. Therefore, only SI values by lane are
presented in Table 4.10 for the various survey dates.

As can be seen in Table 4,10, after overlay construction a general
decrease in SI values occurred. This, it appears, resulted from a lack of
grade control during construction, and shorter "as-constructed" transitional
sections than the design originally called for.

Finally, surface finishing was achieved by wire combing. This may have
had a negative impact. To sum it up, it seems roughness was built in to all
four lanes. However, the SI values are about 3.0 in most cases, and little
change is evident over the two year pavement monitoring period, indicating an
overall good riding pavement., Also, the decrease of SI value right after
over lay by no mean reflects negatively on the structural benefit obtained by

placing the various BCO design.

SUMMARY AND CONCLUSIONS FOR THE ANALYSIS OF PERFORMANCE DATA

After BCO comnstruction, the amount of surface cracking decreased
signficantly. Both longitudinal and transverse cracking showed this trend by
section and by lane. Subsequent surveys show a substantial increase first
followed by a decrease. At the last survey, the level of the observed
distress is decreased but the relative rankings are not changed. This 1is
mainly due to a change in the survey team. If one averaged data for the last
two survey dates and compared the result to the February data, a modest
increase would be noted, which most likely correspond to the actual field
conditions.

All in all, the 3-inch fiber section has the least amount of
longitudinal cracking and the 3-inch steel reinforced the most, and the 2-
inch fiber section has the least amount of transverse cracking and the 3-inch
steel reinforced section the most.

A comparison by lane indicates that overall Lane 1, the lane next to the
median barrier, has the least amount of cracking and Lane 3, the second

rightmost lane, the most.
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TARLE 4.10. SERVICEABILITY INDEX BY LANE AND DATE

Date

Lane
Number May 1983 September 1983 February 1984 November 1984 May 1985

1 3.1 2.9 2.9 2.6 2.7
2 3.8 3.2 3.3 3.0 3.0
3 4.1 3.1 3.3 3.1 3.1

4 3.7 3.1 3.2 2.9 2.8
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After almost two years of BCO placement, virtually no crack showed
evidence of spalling.

The reader should recall that longitudinal cracking and transverse
cracking are counted in different units and thus are not directly comparable.
Also, no distinct relationship 1s evident between the two types of cracking
(e.g., the most amount of Llongitudinal cracking, the least of transverse
cracking). Another point deserves serious consideration: although the
numbers in Tables 4.1 ana 4.3 are close for the before construction and
second after construction conditions, the methodology usea for the condition
survey reveals nothing of the severity of the observed distress. Any visible
surface defect that could be seen was recorded and counted. For transverse
cracking, for example, the crack width or length was not relevant.
Therefore, it is desirable that some measure of severity be included. 1If the
exact length of transverse cracks would be too time consuming to record and
process, then at least transverse cracks could be classified in two groups:
those which extend to one-halt the lane width or more, and those which do
not. Also, labels, such as close, normal, or open, could be attached to both
types of cracks to denote severity.

The serviceability indexes estimated from the GMR profilometer have only
slightly varied over the two-year monitoring period,

Overall, Lane 3 has the highest serviceability index and Lane 1 the
worst. Compare this result with the amount of cracking: the smoothest lane
has the most cracking.

The trend in serviceability index is in keeping with the before
construction condition, as of May 1983. Therefore, it can be hypothesized
that this parameter has reached a natural level and ranking (compare for
example the change in Table 4,10 for the last three survey dates). Thus,
only minor changes can be expected in the next few years (i.e., the duration

of BCO service life before fatigue occurs).
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CHAPTER 5. OVERLAY COST INFORMATION

The purpose of this chapter is to provide cost intormation which can be
used at the planning stage when various rehabilitation alternatives are being
considered. Cost to the agency and to the user of the facility are estimated
and reported herein.

The reader should keep in mind the implications on cost analysis of the
experimental nature of this project; even 1f precise cost figures could be
determined, these would not be representative of typical jobs in urban
areas, let alone rural Texas. Therefore, the cost figures reported herein
should be viewed as best estimates within the realm of the assumptions made,

and as guidelines for future projects utiliziang BCOs.

AGENCY COST

The experimental BCO sections were part of a larger roadway repair
program comprising 13.882 miles of south Loop 610. The prime contractor for
the overall project was Simonsen Co., Inc., the lowest bidder. The
subcontractor involved in actual coastruction of the five test sections was
Stan Forde Constructioan Co., Inc. A summary of the material cost bid by
Simonsen is presented in Table 5.1 along with the average of the three lowest
bid and the engineer's estimate.

As would be expected, the unit price increased with thickness; note that
the most expensive material is tibrous concrete and that the unit price for
2-inch fiber concrete is about the same as the unit price for 3-inch steel-
mat-reinforced concrete., Scarification of the base CRCP is about one-quar ter
the average unit price for material,

The detailed cost on this experiment was obtained from the
subcontractor., It is informative to see the breakdown of these costs sc¢ that
efficiency may be sought on future projects. The subcontractor broke down

his costs as tollows:
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TABLE 5.1. SUMMARY OF MATERIAL UNIT PRICE ON THE SOUTH LOOP 610
EXPERIMENTAL TBCO

Average Three Engineer's

Section Simonsen, Inc, Lowest Bids Estimate
2"NR $ 18,00/5Y $ 16,30/5Y $ 9.00/sY
2"R 20,00/5Y 19.04/5Y 12.00/sY
3"R 23.00/5Y 21,57/8Y 16.50/SY
3"F 25,00/SY 25,35/8Y 16,50/8Y
2"F 25.00/5Y 21.48/sY 12.00/8Y

Average 23,00/5Y 21,00/5Y 13.00/8Y

Scarification of
Base CRCP Surface 7.00/sY 5.82/5Y 3.50/5Y
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(1) material,

(2) 1labor,

(3) tax and miscellaneous,
(4) equipment, and

(5) 1indirect cost.

The material cost 1included concrete, fibers, water reducer, curing
compound, joint sealant, saw blades, scarification teeth, sand (for sand
blasting), and grout mix. Indirect costs included project superintendent,
engineering, time keeper and office personnel, office expenses, utilities,
sanitation, ice, field supplies, 1insurance, bond, licenses and permits,
mobilization, subsistence allowance, special freight, miscellaneous repairs,
and safety supplies.,

The subcontractor summed up his cost to arrive at the following unit bid

price,

2" R $16.97/8Y
2R 18.85
3"R 21.68
3'F 27.33
2"F 23.56
Average 22.00

Scarity Base CRCP +
Sand Biasting 6.60

With all other cost items incluaed, the total construction cost was
about $29.00/8SY.

The last cost item of interest to the agency is the cost for handling
tratfic during concrete overlay construction and subsequen® curing. This was
informally estimated at approximately $1,000 per day for this size project by

the Houston Urban Otfice engineers. Since total coastruction time was 36
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days (July 22 - August 27, 1983) and 6 days were allowed for the curing

period, the unit cost for handling traffic can be estimated at $8/SY.

JSER COST

The cost to the user of a facility during rehabilitation includes delay
costs, costs associated with changes in vehicle operational characteristics,
and accident costs. However, of ali these costs, only delay and vehicle
operation costs have been stiadied and little is yet known of the relationship
between rehabilitation and accidents (i.e., no convincing data have shown
that certain rehabilitation practices cause traffic accidents).

The traffic delay cost model used in this study was extracted from the
Rigid Pavement System - Version 3 (RPS~3) and incorporated in a computer
program called USER-CST. The USER-CST program is well documented elsewhere
(Ref 17).

Basically, USER-CST differentiates between asphaltic concrete and
Portland cement concrete overlays because of the longer curing period
required for PCC overlays. This was the case on the Loop 610 project. The
prozram accumulates costs on a twenty—-four hour basis, distinguishing between
vehicle operational mode during construction time and time of the day when
construction does not occur. Subsequently, costs are accumulated for the
whole construction period and the specified curing period.

Inpat to the program includes traffic, traffic delay, overlay, material,
construction, and interest rate. Output is in terms of present worth cost per
square yard.

Five tratffic handling models are built into the program. The model used
in this study assumes that two lanes are merged in the vicinity of the work
zone for the overlay direction but that the traffic flow is not affected in
the non-overlay direction (i.e., model ITI). By and large, this scheme
reflects the practice followed throughout construction and evaluation survey
for the Loop 610 project. However, the model fails to recognize that users
of the facility could choose alternate routes after an 1iaitial learaing

period. No effort was also devoted to keepiag tratfic coant or change in

RR357-2F/05



67

traffic count during overlay coustruction and curing periods versus periods
when the traftic flow was unrestricted (i.e., either before or after
coustruction and curing period). For this reason, the program may over
estimate actual user cost on this experimental project.

Figure 5.1 preseats the relevant input data, iacluding the assumptions
made, and output from the program. Note that the current ADT is the result
of a recent traffic count at the experiment site. The four lane highway was
treated as two lanes (24 feet each) highway, to be compatible with the
tratfic models inherent in the program. Finally, the construction rate was
back calculated to correspond to Lthe 36-day construction period actually
needed for this experiment {this period includes waiting out hurricane Alicia
and the subsequent unavailability of ice used to control concrete
temp erature),

Within the realm of these assumptions, the total user cost is estimated
at $77.40/SY or aporoximately 2.7 times the construction cost. Note that the
user costs were actualized to 1978 figures in the USER-CST model. A more
rigorous analysis would bring these costs to 1983 figures or bring the
construction cost back to 1978 figures. 1In either case, the relative

magnitude of user and ageucy costs would be of the order of 3:l.

CONCLUSIONS FOR THE COST STUDY

In tais study, the total cost of BCO placement was estimated Eor the
south Loop 610 experiment. The unit construction cost was approximately
$29/SY aund the traffic handling cost was $8/SY, for an agency cost of $37/SY.
The user cost estimated in 1978 figures by the USER-CST model (Ret 17) was
$77.40/SY, which becomes after adjustment for inflation, say 3 percent per
year, $90/5Y.

Therefore, the best estimate of the total cost for the experiments BCO
is $127/8Y, of which 30 percent 1s agency cost and 70 percent user cost.
This shows that, once started, BCO construction must proceed without delay in
octder to keep the total cost down and make 1t a aore competitive

rehabilitation alternative.
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Fig 5.1. User cost model used in the study.



A
LR EF
TLPF

[IE R RS R EEREIRE AR R E 2R RREERARRR SRR R REERENERNERENZ

. .
* . OVERLEY TNPUTS -
+ ”

I ER IR R 2R AT ERRERRENRERRERRRERRRRNRRRRRRR SR R R RN 4

OF avErLAYs PILES
0F LANES CYERLAID

“YISTING FACTLITY AT TI¥C OF OVUTPLAYs YEPHE

WITTE CF FACH LANDy FEET

IR NEEEERESEERRERA SRR RS RERERZERSRRE S RS R R E RN

» *
* HMBTFPTAL IKNPUTS *
* +

LR AN SRR A RRELERERREREEE SRR RS RENERESZERRRRE R 2N

CUiELY SATIRTIFL (2C=14PCC=7)

MEEE L

CF DAYT CORCPITE IS ALLOWED TG CURF

[(EREEERNIRELIEERREEERARS S SRR R A RS S ARRRRESER RS &

* -
* CONTTRUCTTION INTUTS *
* »

LR R AR LR R AR SRR LIRS ARERSARZEEEREFEZIR SRR RE R

MILITERY TIME OF DAY QVERLAY COMSTRUCTION FEGINS

FILITARY TINC CF DAY QVERLAY CONSTRUCTICE ONGS

LSt 31

CF HOURS FIR DAY OVERLAY CONSTRUCTION OCCURS

CONSTHRUCTION PATiy HOUKRS PLF SGUARE YRRD C€F GVEFLAY

SAXARA AR A AP AARAESAAAA AR AT AR Ad AR AR AR A A RARRAdAdN

: ]
* IKTEFEST RATE INPUT .
: »

IEERERARREREE R 2R RZEERR SRR RRZRSRERERREER SR 2R R 2]

69

ry

14. G0

2400

1c
1=
"

« Q0L TS

Ye 20

INTCRIST TAYD QR OTIME VALUE UF PONTY
FROGCT -0 USTRCET ~ FCF THO OF TERMINATICN OF TRATFIC DELAY COSTS 10 THT ULLK
PEYD ST RENISIOQY - U0 IT

Fig 5.1. (continued).

(continued)



70

ddass PROMFLEM RNUMBLCR 1 sanne
CTE FFPas X57-2% ASSESSHENT OF USFR COST DURING THE Se LOCP 61C CONSTR.

[ ERARRRETRRA S22 S22 2223 EXERRRARSEZLRES SRR SRR ]

. .
* PROERAM RESULTS »
* .

LA AR ERNS N AR AL AL 2R RARAR NSRS R 22202 R 4

TOTAL PRESEKRT WORTH TRAFFI(C CFLAY COST
(NCLLARE PER SQUARE YARD OF OVERLAY) 77.29%

Fig 5.1. (continued).



71

Finally, note that these costs are indicative ana should not be taken as

abso lute,
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CHAPTER 6. DISCUSSION OF RESULTS

This chapter discusses experience gained on the South Loop 610
experiment and contrasts it with other rehabilitation alternatives that may
have been considered. An assessment of the additional life resulting from
the placement of the five design sections is made, along with the number of
years it will take to exhaust the fatigue life that is now added to the
remaining life of the old CRC pavement.

Results from laboratory experiments conducted during this study are also

presented and discussed.

OVERALL OBSERVATION

Three concrete paving materials and two overlay thicknesses were used in
the BCO experiment on South Loop 610, Houston. The three materials were
fibrous concrete, steel mat reinforced concrete, and plain concrete. The two
thicknesses were 2 and 3 inches. ©Periodic evaluation surveys of the test
sections indicate good performance on most of the variables measured.
However a site inspection revealed that, unquestionably, the current
condition of the test sections is far superior to that prior to May 1983.
For example, the recorded cracks are in many cases hairline cracks. From
that perspective, the experiment can be gauged as successful.

Fibrous concrete and steel-mat-reinforced concrete performed differently
with respect to cracking and deflection reducing capabilities. Fibrous
concrete is a more resilient material than steel mat reinforced concrete.
Although more brittle, steel-mat-reinforced concrete is stronger. Fibrous
concrete is tougher. Therefore, when spalling does occur on the five test
sections, one would expect it to occur earlier on the steel-mat-reinforced
sections than on the fiber sections. This inference 1is based on field
observation which revealed the prevalence of microcracking (D-cracking) along
longitudinal saw-joints in the steel mat reinforced sections but found

virtually none along the same joints in the fiber sections. It is expected
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that the material inside the D-cracking will eventually chip off, resulting
in a spall.

The data in Table 3.4 indicate that average slumps and Chace air values
were higher in the fiber sections than in the no-fiber sections. There is a
concern that these tests may not be relevant for quality control or quality
assurance of fibrous concrete under field paving conditions and thus, other
avenues should be explored (e.g., flow table for workability).

The base pavement for the South Loop 610 experiment is an 8-inch CRCP.
The reader should keep in mind this important factor when examiniag the
performance of the BCO sections. Other important factors to consider are
environment and traffic loadings. The information obtained on this project
can be extended to cover other conditions through more experimentation.

In the 2-inch thick steel-amat-reinforced section, approximately 20 feet
were tried without a bonding grout, and no adverse effect seems to have
resulted. Note that laboratory testing has shown that the use of a bonding
agent, cement grout in this case, resulted in a marginal increase in the
interface shear strength when the pavement was dry, and that the most benefit
of using a bonding grout was achieved when the pavement surface was wet.

Other important results from the laboratory study include the following:

(1) Scarifying the base pavement yields a roughened surface which
allows for a better bond between the old and new pavements.

(2) The reinforcing steel position in the thin overlay has little
impact on the strength as measured in a bond pullout test. Whether
the reinforcing steel was at the interface between the original
slab and the overlay or at middepth within the overlay pavement,
the steel failed in tension before the bond strength was reached,
Therefore, from the view point of practical considerations, time
and money saved, it 1s better to lay the reinforcing steel flat on
top of the prepared hase pavement when the steel mat reinforced
design 1is adopted 1in BCO construction without any fear of bond

failure.
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(3) As a bonding agent, cement grout proved to be a better material

than the epoxy used.

(4) The use of a bonding grout reduces the coefficient of variation of
shear strength at the interface of pavement and overlay.
(5) Overlay placement temperature is not a factor in interface shear

strength over the range of temperatures investigated.

ESTIMATION OF PAVEMENT FATIGUE LIFE AFTER OVERLAY

In addition to correcting a minor grade problem, a BCO can add fatigue
life to an existing rigid pavement. 1In this section, an estimate is made of
the load-induced fatigue life that is likely to result from the placement of

the South Loop 610 BCO sectionms.

Concept of Fatigue

The concept of fatigue simply stated stipulates that a material
subjected to repetitive load applications, each of a magnitude far below its
strength will nevertheless break; a fatigue failure is of a brittle nature.
This phenomenon has been well documented as it applies to pavement
structures.

The fatigue equations used in this study have been developed by Taute et
al (Ref 22). They relate the number of repetitions to failure of a simulated
half 18 kips S.A.L. to the tensile stress developed at the underside of a

coucrete layer and the concrete flexural strength; analytically,

- £ ) 3.2
N g 43,000 ( 5 ) (1)
c
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tor overlaia pavements, and

_ £ 3.0

N18 = 46,000 — (2)

g

c

for non-overlaia pavements, where
N18 = number of 18-kip single axle load, repetitions to fallure
o, = tensile stress at the undersiae of the concrete layer (psi)
f = flexural strengtn of concrete (psi)

Let's note in passing that the failure criteria inherent in these
equations corresponds to a cracking index of 50 ft. per 1000 ft and tanat the
tlexural strength of the concrete used is the average 21 days strength
developed at the AASHO Road Test (i.e., 690 psi).

Finally, note that (1) the mean tlexural strength obtained from beam
tests by the Houston Urban Otfice for the Loop 610 Experimental project is f
= B64 psi with a standard deviation, Of = 75 psi; (2) the aggregate source
used is the same for the original CRCP and the BCO construction; (3) the BCO
has a finer gradation; (4) however, it has been shown that aggregate source
is a major influencing factor of concrete flexural strength; (5) the Loop
610 CRCP is 14 years older than the BCO and flexural strength increases with
concrete age. Therefore, considering E;ZOf =714 psi, the use of the AASHTO's

£ = 690 psi will leave us with yet a reasonable margin of safety.

Concepts of Damage and Remaining Life

Damage is defined as the proportion of tatigue life used up after a given
number of loads repetitions at a specified stress level. Damage to pavement

structures is cumulative in accord with Miner's Law; analytically, damage,
m .
= nL (3)
b= Il
2=1 ¢
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where
ni ¢ actual number of load applications at stress level
Ni : number of load applications at stress level to reach failure
m : number of stress levels considered.

Remaining lite, R 1s defined as R = 1.0 - D and can also be expressed in

percent. Remaining life is used in this study because it has been shown that

remaining Life is well correlated with condition survey variables.

Application of the Concepts to the Determination of Added Fatigue Life

For our purpose, let us assume that there will be only one overlay until
the tailure condition is reached. The total cumulative damage, Dy can then

be written as:

™ i)
DT=1'0=N_1+E (5)
where oy 1s the damage incurred prior to overlay, and
Ny
n, the damage atter overlay.
N,

The methodology used is the same as related in Ref 19. First, moduli of
elasticity are back calculated from detlection data within each aesign
section for before overlay (May 1983) ana immediately after overlay
(September 1983) conditions. The computer program RPEDD1 (Ref 20) was used
for the computations. The results appear in Table 6.1, columns A2 through A4
and B2 through B5, respectively.

Second, elastic layer theory is used to calculate wheel lLoad stresses at
the underside of the CRCP pavement. The computer program ELSYM-5 (Ret 21) is
used for this purpose. Critical stresses are then used in tatigue equations
(1) and (2) to arrive at a theoretical number ot repetitions to failure, Ny
and N,. A stress modifying factor of 1.2 1is considered for CRCPs (atter Ret

22).
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Therefore, the number of load applications the system can sustain after

overlay, n,, is such that,
ny = (1.0) - ny/N;) x N, (6)

where the expression in parenthesis represeats the remaining Llife of the

original pavement at the time of overlay, i.e.,

and W, is the theoretical number of applications to failure of the pavement~
overlay system.

Note that N, is calculated using the fatigue equation for overlaid
pavements and that the stress is taken to be the stress at the bottom of
layer 2. The reason for this is apparent from Fig 6.1.

After overlay, the remaining life of the BCO decreases rapidly until it

reaches that of the original pavement primarily due to reflection cracking.

Thus,
3.0
N1 = 46,000 ( * iggtress factor) ; and
Col A.5
N, = 43,000 690 ) 32

*
Col B.6 x stress factor

(*Column A.5 refers to column 5 in Table 6.1(a); column B.6 refers to column

6 in Table 6.1(b)) and finally,

n =

690
2 g

Col B.6 x stress factor

x 43,000 ( )3.2

L (8)
As can be seen from this expression, the number of load repetitioas to
failure after overlay, n, is directly proportional to the remaining life of
the original pavement at the time of overlay. This suggests that more
benefit will be achieved if the BCO is placed when r{ is still high.

To calculate remaining life at the time of overlay placement, damage is

first estimated under the following assumptions:
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Placement of Bonded
Concrete Overlay

Deterioration of bonded
overlay subjected to load
fatigue and reflection
cracking.

Deterioration of overlaid
pavement.

Deterioration of original
pavement.

0.0 fG
N| -

Fig 6.1. Conceptual graph showing relationship between original
concrete pavement and bonded concrete overlay deteriorations
as a function of 18-kip SAL applications (after Ref 22).
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(1) average daily tratfic, ADT = 113,000

(2) directional distribution factor, DDF = 0.50

(3) lane distribution factor, LDF = 0.60

(4) truck factor, T = 0.08

(5) average number of 18-kip ESAL per truck, A = 0.70
(6) constant traffic growth, i = 0.04.

Other assumptions iatrinsic to this method are that linear elastic theory
applies; distress is measured only ian terms of cracking index, AASHTO
definition, and 1is solely due to traffic loading} and the terminal condition
is a cracking index of 50 feet per 1000 fr2, Finally, only one overlay is
considerea over the design period and the effects of routine maintenance are
not accounted for.

Values of damage appear in column 7 of Table 6.1(a) for the five
sections. They range from 0.67 to 0.79. Corresponding values of remaining
lives iun the uext column are calculatea using Eq 7.

The additional lite, n,, resulting from the placement of a BCO is as

follows (also see Fig 6.1):
n = nz - X (9)

where n,, as given by the above expression ana X is calculated from similar

triangles OAC and GBC

r
L
1o * 7o N (o

z‘x

1
X represents the number ot load repetitions to failure left, haa the original
pavement not been over laid.

Equation (9) becomes:
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TABLE 6.1. DETAILS OF ADDED FATIGUE LIFE ANALYSIS

(A} BEFORE OVERLAY

Moduli (psi) Max Theoretical
Wheel Load Repetitions
Stress To Failure Damage Remaining
Section £y E, Es {psi) Ny ny /8y Life
2"HR 5,218,000 459,700 13,530 95.8 9,946,375 0.75 0.25
2"R 4,369,000 352,200 13,840 96.1 9,853,515 0.76 0,24
3R 3,647,000 305,700 14,040 92.3 11,121,318 0,67 0.3
3"F 4,836,000 369,500 15,870 97.3 9,493,423 0.79 0.21
2"F 5,301,000 478,100 15,250 93.7 10,630,228 g.70 0.30
(B) AFTER OVERLAY
Moduli (psi) Max Theoreticatl Added Years to
Wheel Load Repetitions Fatigue- Exhaust
Stress To Failure Life Life
Section £y E, E; Ey {psi) N, N, Ny ears
2"NR 5,717,000 5,198,600 459,700 12,620 74,3 30,008,297 5,015,480 7.33
2R 5,214,000 5,697,200 352,200 14,320 80.0 14,283,639 3,320,135 5.23
3n 5,931,000 4,592,300 305,700 15,300 64.7 21,136,402 11,747,885 15,66
3UF 5,204,000 4,927,400 369,500 15,650 65.3 19,004,959 7,532,209 10.44
2%F 4,871,000 5,354,400 478,100 15,470 70.6 17,717,091 7,412,052 10,29

18

Average = 9.79
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ana substituting n, and N; by previous expressions:

3.2 3.0
690 690
=M X 43,000 col B.6 X SF ) rL46'000 col a5 ¥ SF
finally, 30
3.2 .
690 690
n, = r x\43,000 - 46,000
Col B.6 SF ’ Gcor a.s ¥ SF (10)

The results of the addea ftatigue lite n, are presented in Table 6.1.
This represents the additional fatigue cracking Life that is '"bought" by
placing a BCO.

The values for n, are in column 8 of Table 6.1(b). The next and final
column represents the estimated values of fatigue life in years, Nyears that
it will take under prevailing tratfic conditions (i.e., current tratfic and
assumed growth rate of 4 percent) to consume the additional lives, n,. This
comes to be 9.8 years on average for this section of roadway on South Loop
610. 1In other words, after the time required tor the prevailing traffic to
cause failure of the original CRCP, and additional 9.8 years wilil be
available. The lite of the overlaid pavement can be estimated by summing the
life remaining in the existing pavement (X) and that provided by the overlay

(Na)' This results in an expectea lite of over 13 years assuming no

malntenance.

WARRANTS OF BONDED CONCRETE OVERLAYS

At a recent symposium held at the Balcones Research Center of The
University of Texas at Austin with highway engineers from Texas, contractors
and industry representatives, the following known and potential advantages of

bonded concrete overlays were mentioned at the symposium:

(1) The use of a bonded concrete overlay has the potential to reduce
user cost; to reduce delays during construction, and to reduce

operating costs due to a smoother riding surface.
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(2)

(3)

(4)

(5)

(6)

(7)

(8)

83

A bonded concrete overlay placed on a pavement in good condition
will extena its fatigue life.

A bondea concrete overlay 1is warranted on the basis of faster
construction than complete reconstruction; the technology does now
exist for bonded concrete overlays. However, the use of 4 BCO must
be justified if it is to be the appropriate solution.

The use of bonded concrete overlays would allow a pavement agency
to utilize the cost savings for other rehabilitation projects
because the operation 1is less costly than, say, complete
restoration.

Bondeda concrete overlays can be warranted on the basis of
friction/skid resistance and riding quality of the existing
pavement.,

A bonded concrete overlay would correct under-design (in cases
where an unexpected increase in traffic volume or load limit
occurs).

Physical facilities and roadway geometry such as bridges, grade
control may warrant bonded concrete overlays, over unbonded (hence
thicker) overlays over unbonded overlays.

The use of a bonded concrete overlay 1is warranted if it can be
shown that it is a competitive alternative. Length of pavement and
total bonded coacrete overlay quantity that may be placed at one
time (e.g., total square yaraage) before the method is cost-

etfective must be examined.
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CHAPTER 7. GENERAL CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the priuncipal results reported throughout the study are

assembled and organized for conciseness. Conclusions stemming from the study

are presented first, followed by recommendations for this project and future

research in the use of BCOs.

CONCLUSIONS

This study warrants the following conclusions:

(1)

(2)

(3)

(4)

The constructibility of the various thin-bonded concrete overlay
designs has been amply demonstrated; with current paving materials
and equipments, it is possible to build BCO of rigid pavements as a
viable rehabilitation alternative.

In BCO construction, a mixture of water, cement, and plasticizer is
an adequate bonding agent.

BCO design sections, lane number, and survey dates had a
significant effect on the observed variation of the Dynaflect
deflections in the South Loop 610 experiment.

If lane number is considered a surrogate variable for traffic
loading (the heavy trucks are usually in the right lanes, and
weaving is at a miniwum over the 1,000-foot-long test sections)
then an equivalent statement is that traffic level and intensity,
BCO thickness, and concrete reinforcement influenced the lLoad-
carrying capacity of the pavement structure,

The observed variatioa in the Dynaflect deflections cannot be
explained by the combined, additive effects of section, lane, and
survey date alone. These factors interact. For example, the
variation of Dynaflect deflections explained by the sections

depends on the lane number.
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(5)

(6)

(7)

(8)

(9)

(10)

(11)

(13)

(14)

(15)

Immediately after overlay construction, it was found that the 3~
inch thick, steel mat reinforced section was the most effective
design in reducing Dynaflect surtface deflections.

After overlay construction, the effects of cracking indicator were
no longer significant., A difterent formulation of this statement
is to say that (at least for sensor 1) the coastruction of BCO re-
establishes load transfer across the CRCP cracks.

For a low level of traftfic loading, 2- and 3-inch thick BCO
resulted in statistically the same reduction of Dynaflect
deflections.

For a high level of traffic loading, 2- and 3-inch BCO performed
differently in reducing surface deflections.

The level and intensity of traffic for which the BCO thickness
effect becomes significant is lower tor the fiber sections than for
the steel mat sections.

For 2-inch thick BCO, fiher-reinforced and steel-mat-reinforced
sections performed differently in their ability to reduce surface
deflections.

For 2-inch-thick BCO, the inclusion of fiber in the paving concrete
mix, resulted in a significant change in the deflection basins
irrespective of past traffic loadings.

For 2-inch-thick BCO, the 1inclusion of steel mat in the paving
concrete mix resulted in a significant change in the deflection
basins only when past traffic level and intensity had been high.
For 3-inch-thick BCO, the two materials investigated pertformed the
same 1in reducing surface deflections, except when past tratfic
loading had been high.

Overall, the type of movement across cracks experienced by the BCO
sections and the underlying CRCP is the same (i.e., expansion or
contraction); the BCO and CRCP seem to act as a monolithic
structure.

Two to three years after BCO placement no significant debonding

seems to have occurred.
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(16) The fiber sections proved to be far superior in their ability to
control longitudinal and transverse cracking.

(17) After almost two years of BCO service virtually no crack showed
evidence of spalling.

(18) For the successive survey dates, only a modest decrease of
serviceability index was noted in all four lanes.

(19) Unit construction cost was estimated at $29/SY on this experimental
project, and agency cost at $37/SY including traffic handling.

Agency cost was about 30 percent of total cost.

{ ECOMMENDATIONS

(1) The five test sections on South Loop 610 have been monitored for
approximately two years. During this period, satisfactory
pertformance has been noted on most of the pavement response
variables., However, the long term performance still needs to be
establishea. Therefore, careful periodic evaluation surveys need
to be conducted in order to meet this important objective. Only in
this way can the state-ot-the—-art be advancea.

(2) Short of test tracts or a full-scale road test, experimental
projects such as constructed on South Loop 610, Houston, will
provide invaluable information at relatively low cost for the
design and construction of BCOs. Thus, such experiments should be
caretully designed and constructed so as to yiela definitive
answers. The area of past and tuture traffic loadings ot these
projects deserves particular attention. A new methodology which is
now emerging, the weigh-in-motion technique (Ret 18), could be usea
to advantage to gather lanewlise data on tratfic level and
iantensity.

(3) To improve the quality of ride as measured by the GMR protilometer,

stringent grade control requirements should be 1includea in the
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(4)

-~
Wl
A

(6)

(N

(8)

(9)

(10)

specifications for construction of BCO and/or equipment capable of
delivering the desired pavement smoothness spzcified.

Areas of future research which could be iuvestigated in
experimental projects 1includz evaluation of various surface
preparation techaiques for type, amount, and cost effectiveness
(e.g., compare scarifying, shot blasting, and acid etching) and
experimentation with various "exotic" materials (polypropylene
fibers, latex modified concrete, super plasticized concrete, etc.).
Stili, field work on BCO needs to address mode of failure of
overlay pavement structures. Also, whether the 1iaterface bond
endures over the service life of the BCO or whether it fatigues and
fails along with the base slab ana the overlay nzeds further
research.

It is recommended that the nature of bond failure be studied
carefully. Whether Lloss of bond is localized or generalized by
lane and how to remedy either situation (e.g., BCO anchorage or
special end treatment) should be considered during long term
evaluation surveys of BCO experiments.

Debonding in South Loop 610 should be checked in subsequent
surveys. The Delamtechh machine, which has been used in Towa, could
be used for this purpose. Other avenues which hold promise iaclude
wive propagation and thermography techaiques.

The two levels of BCO thickness used in this experimeat may have
been too close together, Trying extreme values (e.g., 2 and 5
inches) with suitable transition sections is recommended,

Along with field testing, laboratory work and theoretical analyses
should be conducted to advance the state-of-the-art in BCO design
and construction.

A laboratory experiment should evaluate suitable tests for quality
control/quality assurance of fiber reinforced concrete in its

application tor BCO in the field.
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(11) Theoretical analyses of BCO should include mechanistic design,
predict fatigue life, and find optimum overlay thickness and

interface bond strength requirements.
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APPENDIX A. SPECIAL SPECIFICATION*
EXPERIMENTAL THIN BONDED CONCRETE OVERLAY, LOOP 610, HOUSTON

Description. This item shall govern for the materials to be used, for
the scarifying of the existing concrete pavement, and for the furnishing
and the placing of the thin bonded concrete overlay at the location
shown, in accordance with the details shown in the plans, the
requirements of Item 360, "Concrete Pavement (Water Cement Ratio)"
except as noted herein, and with these specifications.

Materials. Materials and concrete design mix shall be as follows:

e s -

(1) Fibrous concrete mix design:

Cement Type I or I1 -~ 8 sacks per cubic yard

Fine Aggregate (SSD) =-- 1320 pounds per cubic yard
Coarse Aggregate (natural or crushed gravel)

3/8 inch maximum (SSD) =- 1335 pounds per cubic yard
Water Factor -- 5 gallons per sack cement

Bekaert Dramix fiber

ZP 50/50 or equal -~ 85 pounds per cubic yard
Water Reducer -- as directed by manufacturer
Entrained Air -- 4 to 6 percent

Slump -~ 3 to 4 inches

(2) Steel reinforced and non-reinforced concrete mix design

Cement Type 1 -- 7 sacks per cubic yard

C.A.F. -~ 0.60

*Source: Houston Urban Office, SDHPT, Houston, Texas
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3.

(3)

(4)

(5)

(6)

(7

Coarse aggregate gradation of natural or crushed gravel as follows:

- e am m mem e e o m e e e = A e e = e

Sieve Size Percent Retained
3/4 inch 0
1/2 inch 0 - 15
3/8 inch 15 - 40
No. 4 40 - 98
No. 8 98 - 100
Water Factor -— 4.5 gallons per sack cement
Entrained Air -- 4 to 6 percent

The temperature of the overlay concrete at the time of placement on
the slab shall not exceed 85°F. When a retarding admixture 1is
required, it shall meet the requirements of the item "Concrete
Admixtures", except for measurement and payment.

The concrete shall have a minimum 7 day fliexural strength of 700
psi.

Cement grout shall consist of 1 bag portland cement and 7 gallons
water. It may contain a water reducing plasticizer at the option
of the engineer.

Membrane curing shall be at the rate of 120 S.F. per gallon and
shall meet the requirements of Special Specification Item 5431,
except for measurement and payment.

When specified, steel reinforcing shall meet the requirements of

Item 440, "Reinforcing Steel'", except for measurement and payment.

Equipment. Equipment shall be subject to the approval of the engineer.

(1)

(2)

Sand blasting equipment shall be capable of removing rust, oil, and
concrete laitance from the existing surface of the pavement,
Scarifying equipment shall be a power-operated, mechanical

scarifier capable of uniformly scarifying or removing the old
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surface to the depths required in a satisfactory manner. Other
types of removal devices may be used if their operation is suitable
and if they can be demonstrated to the satisfaction of the
Engineer.

(3) Transit mixers shall be loaded no more than 80 percent capacity
when fibers are to be added to the mix at the job site. Enough
mixers shall be provided to permit the intended pour to be placed
without interruption,

(4) Placing and finishing equipment to be used shall be at the option

ot the contractor subject to the approval of the engineer.

Construction Method. The contractor shall furnish to the engineer, for

his approval, a work plan including equipment and manpower before work
is started on the overlay.

The existing concrete pavement surface shall be scarified to the
depth shown in the plans, tollowed by sand blasting. Sand blasting

shall be of such an extent as to remove all dirt, oil, and other

foreign material, as well as any laitance or loose concrete from
the surface and edges against which new concrete is to be placed.,

The entire surface shall then be air blasted just prior to the

grouting - paving operation.

The prepared surface shall be dry to allow absorption of the
bonding grout. Bonding grout may be scrubbed or pressure sprayed at the
option of the coutractor. Care shall be exercised to insure that all
parts receive a thorough, even coating and that no excess grout 1is
permitted to collect in pockets. The rate of progress in applying grout
shall be limited so that the grout does not become dry before it is
covered with new concrete.

During delays in surfacing operations, should the surface of the
grout indicate an extensive drying, additional grout shall be brushed on
the areas as directed by the engineer. 1In areas where the grout becomes
thoroughly dried, the grout shall be removed by sand blasting, or other

methods as approved by the engineer.
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When fibers are to be added to the mix at the job site, fibers are
added in 66 lb. bags at the rate of 2 bags per minute. After all fibers
have been added, the batch should be mixed for another 2 minutes at 16
rpm prior to placement.

The slump to be used on the job shall be as specified by the
engineer from the results of trial batches. When this slump has been
established, all concrete shall be delivered with a consistency of +
1 inch from that designated.

Reinforcing steel type and placement will be as shown on the plans.

The concrete overlay shall receive a tine finish as shown on the
plans.

The concrete overlay shall cure for a period of four days.

The surface temperature shall be maintained above 40'F for the
curing period.

Measurement. Scarification as described herein and in the plans will be
measured by the square yard of "Scarify Concrete Surface (1/8 inch)."

Payment. Payment for "Scarify Concrete Surface (1/8 inch)" measured as
described above will be paid for at the unit price bid per square yard,
which price shall be full compensation for removing all material to the
depth shown, loading, hauling, unloading and disposing of all cuttings;
for all sand blasting and air blasting; and for all labor, tools,
equipment, manipulation, and incidentals necessary to complete the work.

Payment for the type of overlay placed as described above will be
paid for at the unit price per square yard of "Concrete Overlay", of the
depth specitied, and with or without reinforcing steel, which price
shall be full compensation for placing grout on the existing concrete
slab; for furnishing, hauling, mixing, placing, finishing and curing of
the concrete overlay; for sawing and sealing of joints; for all labor,

tools, equipment and incidentals necessary to complete the work.
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APPENDIX B. DYNAFLECT DEFLECTION DATA ANALYSIS

Analysis Of Variance (ANOVA)

ANalysis Of VAriance (ANOVA) is a statistical method whereby the total
variation within a data set is decomposed into meaningful components (Ref 9),
and the components are assigned to the factors of classification or their
interactions. Usually, factors are non-metric (i.e., categorical)
variables; otherwise the analysis is termed an analysis of covariance (Ref
10). ¥or the South Loop 610 Dynaflect aata, section, lane, sensor 1 position
(at crack or between cracks), sensor and survey dates are considered as
factors.

The study of variation is summarized in analysis of varlance tables;
evalaation of significant effects is then made possible. The level of
significance = 0.05 is used throughout the remainder of this chapter.

The setup used to collect Dynaflect data in the South Loop 610
experiment resulted in a multi dimensional structure which can be described

in simple terms as follows:

Factors Levels
(1) Lane 4
(2) Section 5
(3) Sensor 1 Position 2
(4) Sensors 5
(5) Dates 5

This results in 1,000 non-empty cells. Theretore, a computer 1is
required for the analysis.

To analyze the data, first a three-way cross—tabulation of the results
was generated within subprogram ANOVA otf the SPSS Library available oa the
University computer systems. Tables B.l through B.l10 are extracted trom
ANOVA output. They present Dynaflect data collected at the South Loop 610
experiment. Tables B.l and B.2 show mean deflections at midspan and at the

crack, respectively, in May 1985 (the fifth Dynaflect test); the next pair of
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TABLE B.1. MEAN DEFLECTIONS (1/100 MILS) AT MIDSPAN - MAY 1985

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2"NR 51.6 48,3 43,1 40.5 37.7
2"R 48.3 45,0 39.3 36.1 32.9
3"R 46.8 43,4 38,2 35.0 32.2
3"F 49,0 45,6 39.7 36.2 33.3
2"F 46.8 43,7 38.1 35.6 33.0
2 2"NR 53.1 48.6 44,9 40.6 38.4
2"R 52.9 48.6 42.8 37.6 34,2
3"R 52.3 47.8 41.4 36.6 33.3
3"F 50.8 46.8 40,7 36.5 33.4
2"F 51.8 43.1 42.3 38.6 36.0
3 2"NR 56.1 51.9 50.0 44,7 43,0
2"R 51.7 47.4 441 39.6 37.5
3"R 52.1 47.6 46.4 41,0 39,6
3"F 47.4 43.6 41.7 37.5 36.0
2"F 50.1 46.6 45.1 40,9 39,6
4 2"NR 57.5 53.5 50.4 45.4 43,0
2"R 55,7 50.9 47.9 42,2 39.8
3"R 49,1 45,2 43,3 38.3 36.4
3"F 41,2 38.0 37.5 33.8 32.6
2"F 43,7 40.3 39.1 35,6 34.2
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TABLE B.2. SUMMARY OF MEAN DEFLECTIONS (1/100 MILS) AT CRACKS --

MAY 1985,
Sensor Number
Lane Design
Number Section 1 2 3 4 5

1 2"NR 53.6 49.8 43.6 40,7 38.0
2"R 50.1 45,6 39.6 35.5 32.8
3"R 49.8 44.9 38.8 35.3 32.4
3"F 51.0 45.8 39.3 35.4 32.6
2"F 47.5 42.5 38.2 34.9 32.4

2 2"NR 54,0 49.8 44,9 40.4 38.2
2"R 52.1 47.4 41.8 36.9 33.6
3"R 49.9 45,7 39.6 35.1 32.1
3"F 52.2 47,1 41.1 36.7 33.
2"F 53.0 48.8 42.8 39.4 36.8

3 2"NR 54.0 51.0 47.8 43,4 42.7
2"R 51.4 47.2 44.7 39.5 37.4
3"R 52.3 48.5 46.6 41.0 39.1
3"F 47.3 44 4 42.8 38.3 36.3
2"F 50.4 46.4 44,3 49,3 33.9

4 2"NR 57.6 53.8 50.9 46,8 43.8
2"R 53.8 49,7 46.8 41.5 38.7
3"R 50.6 46,3 44 .2 38.6 35.6
3"F 40.7 37.5 36.3 32.8 31.8
2"F 41.9 40.0 38.8 35.2 34,2
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TABLE B.3. MEAN DEFLECTIONS (1/100 MILS) AT MIDSPAN - NOVEMBER 1984

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2" NR 49.9 47.7 42.3 40.2 38.9
2" R 50.1 47.0 40.8 37.1 33.9
3" R 46,2 44,2 38.2 36.0 33.8
3" F 47.2 45,6 39.6 36.6 33.6
2" F 43.7 42.0 37.7 35.9 33.7
2 2" NR 49,6 47.5 41,0 40,1 38.4
2" R 51.9 49,2 40.7 37.4 34,4
3" R 50.8 48,2 40.9 37.7 34.9
3" F 50.6 47.9 40.9 38.3 35.0
2" F 49,0 47.4 42,2 40.3 37.9
3 2" NR 52.8 49,6 46,1 42.0 39.8
2" R 53.2 49,8 45,3 40.4 37.2
3" R 55.2 51,7 47.4 41.6 39.7
3" F 51.5 48.6 43.9 39.4 37.6
2" F 54,6 52.8 48.1 44 .4 41.6
4 2" NR 60.1 57.3 52.0 46.9 43.8
2“ R 58.6 56.5 50.0 44.0 40,6
3" R 53.1 50.5 44.5 39.8 36.0
3" F 44,9 43.1 38.9 35.8 33.7
2" F 45.9 44,2 41.3 37.8 36.1
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TABLE B.4. MEAN DEFLECTIONS (1/100 MILS) AT CRACKS - NOVEMBER 1984

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2" NR 56.8 52.1 43,9 41,9 40.3
2" R 49.6 45,6 38.6 35.8 33.3
3" R 51.0 46.3 39.0 36.6 33.9
3" F 50,7 46,0 39.1 36.1 33.1
2" F 46.4 42.8 37.2 35.3 32.8
2 2" NR 50.3 47.6 41.6 40.4 38.5
2" R 49,8 46,0 40.2 37.1 34,7
3" R 50,2 46.7 39.4 37.2 34.5
3" F 50.2 47.0 40,3 37.8 35,2
2" F 52.7 49,1 42.1 39.9 37.5
3 2" NR 54.1 50.8 47.3 43,2 41,1
2" R 51.4 48,6 44,0 39,7 37.2
3" R 51.0 48.3 43.6 39.2 36.6
3" F 43,4 46.4 41,8 37.8 35,6
2" F 54,1 51,3 46,0 41.6 39.4
4 2" NR 60.6 56.9 51.6 46.4 43.4
2" R 56.4 53.3 48.8 42.5 39,2
3" R 51,6 49,8 44,5 39.7 37.2
3" F 43.9 42.3 38.4 35.3 33.4
2" F 46.6 45,2 40,7 38.3 35.7
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TABLE B.5. MEAN DEFLECTION (1/100 MILS) AT MIDSPANS - FEBRUARY 1984

Sensor Number

Lane Design
Number Section 1l 2 3 4 5
1 2" NR 50.6 60.3 50.7 55.8 45.5
2" R 49.8 58.7 48.4 51.6 41.0
3" R 47.9 51.9 44,2 47.4 37.6
3" F 55,0 47.8 44.8 48,1 38.5
2" F 49.8 43,2 40.6 45,6 36.6
2 2" NR 59.8 51.6 48.8 54,2 42.8
2" R 58.8 50.3 47,2 50.5 40,0
3" R 61.4 53.0 47.4 50.4 39.6
3" F 53.3 46.5 43,2 47.7 38.5
2" F 56.8 50.0 47.3 52.0 42.5
3 2" NR 02.0 53.8 49,4 54.0 43.0
2" R 63.5 55.2 50.3 53.3 41,5
3" R 62.3 53.3 49,5 52.2 40.8
3" F 62.8 52.8 49,0 51.4 40.0
2" F 63.3 54.8 51.8 57.0 46.0
4 2" NR 72.0 63.3 58.3 60.8 48.0
2" R 73.5 62.7 57.0 59.8 47.5
3" R 62.0 53.3 49,2 51.5 40,2
3" F 53.2 46.0 43.8 45.6 37.8
2" F 52.4 45,6 43.6 43.4 38.5




TABLE B.6. MEAN DEFLECTIONS (1/100 MILS) AT CRACKS - FEBRUARY 1984
Sensor Number
Lane Design
Number Section 1 2 3 4 5
1 2* NR 58.2 65.1 52.9 56.9 46.2
2" R 53.0 60.2 48,4 50.8 40.5
3" R 52.1 55.4 45.0 47.0 37.0
3" F 63.6 52.2 47.4 50,7 39.4
2" F 56.0 46.9 42.4 45.8 36.6
2 2% NR 60.4 51.0 48.4 53.4 43.6
2" R 62.2 53,3 49.3 52.8 41.8
3" R 62.6 53.2 48.8 51.6 40.6
3* F 56.5 48.2 44,0 46.8 38,2
2% F 63.0 52.8 47.8 51.5 41.3
3 2" WR 59.4 52.4 48.0 52.6 43.0
2" R 65.5 55.8 51.3 54.8 43.0
3" R 64,7 54,2 49.8 52.8 41.0
3" F 64.8 53.2 48.4 50.0 40.4
2" F 67.7 57.8 52,0 55.5 44.0
4 2" HR 72.0 62.8 58.5 63.3 45.8
2" R 70.3 61.5 56.0 58,8 46.0
3" R 64.0 55.0 50.56 52.8 42.0
3" F 55.4 47.6 43.4 47.0 38.4
2" F 54.4 47.2 44,2 47.8 38.6
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TABLE B.7. MEAN DEFLECTIONS (1/100 MILS) AT MIDSPAN - SEPTEMBER 1983

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2" NR 48,0 45.6 42.8 40,1 36.1
2" R 49.3 46.3 42.1 38.4 33,9
3" R 47,0 43.8 39.6 37.0 31.4
3" F 46.9 44.8 40.7 37.7 32,6
2" F 44 .4 42.8 39.9 37.2 33.9
2 2" NR 49.8 47.5 43.8 41.7 37.6
2" R 46.2 44.0 39.8 37.2 32.6
3" R 44.9 43.1 39.1 36.8 31.7
3" F 46,7 44.5 40.4 37.1 32.4
2" F 41.9 39.9 37.1 34,7 31.0
3 2" NR 51.8 49,7 46.0 44,0 39.4
2" R 43.5 46,2 42,2 39.6 34.3
3" R 47.2 45,1 41.3 38.6 33.9
3" F 45,1 43,6 40,1 37.8 33.4
2" F 45.7 44,3 41.0 39.3 34,6
4 2" HR 55,2 52.0 43.3 44,2 39.6
2" R 54.3 51.2 46.9 42.8 37.3
3" R 46.0 43.0 39,7 37.0 32.1
3" F 39.6 37.6 34.9 33.2 29.3
2" F 41.6 39.9 37.3 35.8 31.0
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TABLE B.8. MEAN DEFLECTIONS (1/100 MILS) AT CRACKS - SEPTEMBER 1983

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2" NR 47.6 44.8 41.9 39.1 35.4
2" R 46.9 44.1 40.5 37.3 32.7
3" R 47.9 44.3 39.8 36.9 31.6
3" F 47.6 44,2 39.8 36.9 32.0
2" F 44.8 42.3 38.6 36.3 32.0
2 2" NR 50.5 47.7 43.8 41.5 37.3
2" R 47.9 44,6 39.9 37.0 32.5
3" R 46.8 43.4 38.8 35,9 31.1
3“F 50.1 45.6 40.6 37.7 31.7
2" F 46.3 42.7 38.4 35,2 31.4
3 2" NR 48.6 46.7 42.9 40.9 35.9
2" R 48,3 46.0 42.1 39.3 34,6
3" R 48,2 45.7 41.8 39.3 34.4
3" F 45,2 43,4 39.9 37.4 32.8
2" F 48.3 46,4 43,0 40.9 36.3
4 2" NR 54.1 51.3 48,2 44 .4 40.0
2" R 52.3 49,2 44,8 41.3 35,8
3" R 46.1 42.8 38.9 36.1 31.4
3" F 38.8 37.2 34.5 33.0 29.4
2" F 4.1 39.3 36.6 35.0 30.7




112

TABLE B.9. MEAN DEFLECTIONS (1/100 MILS) AT MIDSPAN - MAY 1983

Sensor Number

Lane Design
Number Section 1 2 3 4 5
1 2" NR 50.7 47.9 42.8 40.3 35,7
2" R 52.8 49.4 43.6 39.5 34.0
3" R 50.6 47.4 42,0 38.0 31.6
3" F 50.7 47.6 41.7 37.4 30,9
2" F 43,2 40.1 36.4 34.0 29.3
2 2" NR 52.17 49,0 44.4 41.7 36.3
2" R 57.6 53.8 46,6 42.7 35,6
3" R 56.2 52.4 45,1 41.3 34.2
" F 54.2 50.9 44.3 39.9 33.5
2" F 50,2 47.2 43.3 39.7 34.9
3 2" NR 60.7 57.4 43,7 46.3 39.2
2" R 64,0 60.5 53.1 48.4 40,7
3" R 66.6 61.6 52,9 47.1 39,2
3" F 57.3 54.4 47,5 43,1 36.8
2" F 54,6 51,1 46.8 42.9 37.6
4 2" NR 63.2 58,7 51.8 47.1 40.1
2" R 64.3 60.0 52.4 47.1 39.4
3" R 58.6 54.1 47,0 41.9 34.8
3" F 48,1 44.5 39.9 36.6 30.8
2" F 47.6 45,5 41.3 38.6 33.2




TABLE B.10. MEAN DEFLECTIONS (1/100 MILS) AT CRACKS - MAY 1983
Sensor Number
Lane Design
Number Section 1 2 3 4 5
1 2" NR 54,2 49,1 43,2 39.8 35.0
2" R 57.8 51.0 44,0 39,7 33.5
3" R 58.0 50.8 43,7 39.0 32.0
3" F 53.6 48.0 41,0 36,8 31.2
2" F 49,5 45,2 39,7 36.4 31.6
2 2" NR 53.8 49,3 44,1 41.1 36,3
2" R 59,0 53.8 47.2 42.6 36.5
3" R 58.4 53.1 45,3 40,7 33.7
3" F 56.7 51.8 44.5 40.4 34.0
2" F 52.2 47.7 42.5 39.7 34,4
3 2" NR 60.4 56.4 48.9 45,0 38.2
Z2" R 64,1 59.8 51.5 47.3 39,7
3" R 69.6 64.2 54.7 48,7 40,3
3" F 58.8 54,6 47.5 42.6 36.3
2" F 56.2 50.8 45,2 41,3 35.2
4 2" WHR 63.8 59,0 53.0 48.0 41.2
2" R 64,3 55.8 51.8 46,8 39.2
3" R 61.2 55.9 47.8 42.4 35.1
3*F 48.5 45.6 39.9 36.7 31,0
2" F 47,7 45,2 41,2 38.3 33.1
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tables

(Tables B.3 and B.4) shows the November 1984 aata (the fourth

Dynaflect test), etc.

As can be seen, the range of deflections is 30 to 70 x 10_2 mils, except

for the February 1984 data (the third Dynaflect test). At this point, the

following remarks can be made concerning this set of data:

(1)

(2)

(3)

(5)

(6)

The raw data show many instances of series of sensor readings
having no particular order to their magnitudes. For example, the
sensor 4 deflection might be greater than the sensor 2 deflection,
which in turn might be greater than sensor 1 and finally sensors 3
and 5 deflections. Furthermore, no definable trend exists in the
raw data of 260 observations., This lack of trend is also reflected
in Tables B.5 and B.6 of weighted averages (e.g., lines 1 and 6,
Table B.5).

The Dynaflect operating system and the physical layout of the five
sensors dictates that the sensor 1 deflection be greater than the
sensor 2 deflection, etc., since sensor 1 is the closest to the
loading wheels.

This lack ot order of the sensor readings was not observed either
before or after February 1984 in any single measurement (sensors 1
through 5 deflections).

The February 1984 data set contains half as many observations as
the other four sets. Deflection measurements were taken "every
other point" out of a concern for lane closure downtime.

The equipment and crew used for this particular test were different
from those for all other Dynaflect tests of the project, leaving
the distinct possibility there was equipment and/or human error.
Finally, communications with the Texas State Department of Highways
and Public Tranmsportation technicians revealed that low voltage may

have affected the sensor readings in February 1984.

For these reasons, the February 1984 data is excluded from further analyses.

RR357-2F/BB
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Tables B.l through B.l0 exhibit noticeable variations between sections
and lanes on a given test date. To determine whether these variations are
statistically significant, one must examine the ANOVA tables. Table B.ll
displays a summary from many runs of ANOVA. The following remarks are in

order:

(1) The main effect "lane" is significant in all cases for all sensors,
except for sensor no. 1 immediately after overlay construction
(September 1983).

(2) The main effect "section" 1is significant in all cases tfor all
sensors.

(3) The main effect "ecracking" 1is never significant, except at sensor
no. 1 before overlay construction (May 1983).

(4) The only two-way interaction which is consistently significaat is

the lane by section interaction.

Multiple Classification Analysis

In this analysis, the effects of the various factors are displayed in a
(MCA) table. The effects are presented under two forms: (1) unadjusted and
(2) adjusted for all other factors. Thus, the net effect of each factor can
be determined while differences in the other factors are controlled.

The MCA scores for the Dynaflect data indicate which level of the
various factors had the lowest deflections for all 5 sensors taken
inaividualiy. This information is compiled by survey date in Table B.1l2.

Only the lane and section effects appear in this summary of MCA tables.
These etffects are adjusted for all other factors. The variation of grand
means indicates that the general level of deflections decreased significantly
after overlay placement (compare May 1983 with September 1983 data) and that
this level is increasing but at a decreasing rate (e.g., see November 1984
and May 1985 data, and compare with September 1983 data),

If the data is considered on a date basis, the following remarks can be

made:

RR357-2F/B8
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TABLE B.11. DYNAFLECT DATA ANALYSIS - SOUTH LOOP 610 EXPERIMENT:
SIGNIFICANT FACTORS (o = 0.05)

Sensor Number

Source of
Date Variation Hl NZ H3 H4 NS
May 1985 Main Effects
Lane X X X X X
Section X X X X X
Cracking - - - - -
2-way Interactions
Lane X Section X X X X X
Lane X Cracking - - - - -
Section X Cracking - - - - -
November 1984 Main Effects
Lane X X X
Section X X X X X
Cracking - - - - -
Z2-way Interactions
Lane X Section X X X X X
Lane X Cracking X - - - -
Section X Cracking - - - - -
September 1983 Main Effects
Lane - X X X X
Section X X X X X
Cracking - - - - -
2-way Interactions
Lane X Section X X X X X
Lane X Cracking X - - - -
Section X Cracking - - - - -
May 1983 Main Effects
Lane X X X X
Section X X X X
Cracking X - - - -
2-way Interactions
Lane X Section X X X X X
Lane X Cracking - - - - -

Section X Cracking - - - - -

X = Significant Effect
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TABLE B.12, MULTIPLE CLASSIFICATION ANALYSIS OF THE DYNAFLECT DATA BY DATE

Sensor Number

Source of
Date Variation wl Hz u3 H4 Hs
May 1985 Grand Mean 50.5 46.5 42.6 38.4 36.0

Adjusted Effects

Lane 1 - 1.0 - 1.0 2.9 - 1.9 - 2.4
Lane 2 1.7 1.3 ~ 0.5 - 0.7 - 1.2
Lane 3 0.6 0.8 2.5 2.1 2.8
Lane 4 - 1,3 - 1.1 0.8 0.5 0.9
* Beta .21 .20 .41 .36 .49
Section 2"NR 4.0 4.1 4.2 4.3 4,5
Section 2R 1.6 1.3 0.8 0.3 - 0.2
Section 3"R ~ 0.0 - 0.3 - 0.3 - 0,7 - 0.9
Section 3"F - 3.0 - 2.9 - 2.8 - 2.5 - 2.3
Section 2"F ~ 2.4 - 2.0 - 1.6 - 0.9 -~ 0,5
* Beta .44 .46 .48 .54 .56
Multiple RZ .24 25 .39 .42 .54
November 1984 Grand Mean 51.0 48,2 42,7 39,2 36.7
Adjusted Effects
Lane 1 - 1.9 - 2.3 - 3.0 - 2.2 - 2.1
Lane 2 - 0.5 ~ 0.6 - 1.8 - 0.7 - 0.7
Lane 3 2.4 1.3 2.5 1.5 1.7
Lane 4 1.0 1.6 2.3 1.3 1.1
* Beta .20 .27 W47 .36 .37
Section 2"NR 3,2 2.9 3.0 3.4 3.8
Section 2"R 1.6 1.3 0.9 0.1 ~ 0.4
Section 3"R 0.1 - 0.0 - 0.5 - 0,7 - 0.9
Section 3"F -~ 2.8 - 2.5 - 2.4 - 2.2 - 2.1
Section 2"F -« 2.0 - 1.5 - 0.8 - 0.1 0.1
* Beta 34 .32 .34 .43 .49
Multiple R? .15 .18 .34 .31 37

{continued)
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TABLE B.12.

(CONTINUED)

Source of
Date Variation
September 1983 Grand Mean

Adjusted Effects
Lane 1
Lane 2
Lane 3
Lane 4
* Beta

Section 2"NR
Section 2"R

Section 3"R

Section 3"F

Section 2"F

* Beta

Multiple RZ

May 1983 Grand Mean

Adjusted Effects
Lane 1
Lane 2
Lane 3
Lane 4
* Beta

Section 2"NR
Section 2"R
Section 3"R
Section 3"F
Section 2"F
* Beta

Multiple R

Sensor Number

Wy W, Wy Wy We
47.2 44,7 40.9 38,2 33.6
- 0.1 - 0.3 - 0.3 - 0.6 - 0.5
- 0.1 -0.4 - 0,7 - 0.8 - 0.8
0.4 1.0 1.0 1.4 1.2
- 0.3 - 0.3 0.1 - 0.0 - 0,0
05 .11 .15 .21 .21
3.5 3.5 3.8 3.8 4.1
2.1 1.8 1.4 0.9 0.6
- 0.4 - 0.8 - 1,0 - 1.1 -1.4
- 2.2 - 2.1 - 2.1 -1.9 - 1.9
- 2.9 - 2.4 - 1.9 = 1.5 - 1.0
.45 .46 .50 .51 .57
.21 .22 .27 .31 .37
56.5 52.3 45.8 41.8 35.4
- 4.2 - 4.5 - 3.9 - 3.6 - 2.9
- 1.2 - 1.3 - 1.0 - 0.7 - 0.5
4.9 5.0 4,1 3.6 3.0
0.3 0.6 0.8 0.6 0.4
39 46 .49 52 .50
0.9 1.0 1.4 1.9 2.3
4.1 3.8 3.0 2,6 2.0
3.6 2,8 1.6 0.7 - 0.2
- 3.0 - 2.6 - 2.5 - 2.5 -2.3
- 6.2 - 5.6 - 3.7 - 2.8 - 1.7
47 .47 .44 45 45
.40 .44 .45 .49 .46
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(1) In May 1985, section 3"F (i.e., the 3-inch-thick fibrous concrete
section) exhibited the lowest deflections at all five sensors, and
section 2"NR (i.e., the 2-inch-thick non reinforced section) the
highest deflections. On the same testing date, the lane effect
varied at the different sensors.

(2) In November 1984, section 3"F again exhibiteda the Llowest
deflections and section 2'"NR the highest. On the same testing
date, lane 1, the innermost lane, exhibited the lowest deflections,
and lane 4, the outermost lane, the highest. These inferences
apply at all five sensors.

(3) 1In September 1983, right after overlay placement, the significance
of section effects varied at the tive sensors. The lane effects
were negligible and the signiticance also varied at all five
sensors.

(4) 1In May 1983, before overlay, the 2"F section had the lowest
deflection and the 2"R section had the highest deflection at all
but sensor 5 where the lowest was 3"F and the highest 2'NR. At
that time, lane 1 had the lowest deflection and lane 3 the highest.

These inferences on the lane factor are made for all five sensors.

In the MCA table, two descriptive statistics are used throughout: B and

multiple R%Z. The R? represents that proportion of the total variation in the

deflection data which is explained by the Llane or section factors. The R?
represents the combined (additive) proportion of the total variation
explained by all factors (lane, section, and cracking indicator).

2 ranges from 0.15 to 0.54; this is for real

As can be seen, multiple R
life, raw data and suggests good performance of the analysis of variance

method for Dynaflect data analysis.

Eftects of Overlay Placement on Pavement Deflections

Dynaflect deflections were taken before and immediately after overlay
placement. This provides an opportunity to evaluate the immediate effect of

overlay placement on pavement deflections. Table 3.2 indicates that

RR357-2F /BB
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virtually the same points were tested in May 1983 and September 1983.
Therefore, the difference in deflections, the before overlay minus that after
overlay, 1is analyzed using analysis of wvariance and the multiple
classification analysis. The results are summarized in Tables B.l3 and B.l4

respectively. From these tables, the following remarks can be made:

(1) Lane and section effects are significantly differeant at o = 0.05.

(2) Cracking is significant for sensor 1 and sensor 2.

(3) Lane by section interaction is significant at all five sensors.

(4) The weighted average deflection differeace (i.e., grand mean in
Table B.l4) decrease with radial distance from the loading wheels
(i.e., from sensor 1 to sensor 5).

(5) sSection 3"R exhibits the highest reduction in deflection at all
sensors. The lowest reduction in deflection varied for the various
sensors.

(6) Lane 3 has the highest reduction in deflection and lane 1 the

lowest.

The RZ

ranges from 0.25 to 0.40 in this analysis. To illustrate the
fluctuation of average deflection basins with survey date Figs B.l through
B.4 were drawn in accordance with the cell means and the analysis of variance
results for the 3"R section where the highest reduction in deflection
occurred., Thus, the lane, section and date effects are not confounded in
these graphs because they were all found to be significant. The four figures
are self explanatory. From the figures, it is apparent that the deflection
basins became much shallower (i.e., the structure became much stiffer) after
BCO placement (September 1983 data). This is especially noticeable at
sensors 1, 2, and 3 in all the figures, Sensor 5 deflections, reflective of
the subgrade properties, did not change significantly over the two years of

observations. Finally, with successive survey dates, the deflections basins

are approaching their before construction condition.

RR357-2F/BB
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TABLE B.13. FACTORS SIGNIFICANTLY AFFECTING DYNAFLECT DEFLECTION
DIFFERENCES BEFORE AND AFTER OVERLAY

Sensor Number

Source of
Variation 1 2 3 4 5

Main Effects

Lane X X X X X
Section X X X X X
Cracking X X - - -

2-way Interaction
Lane X Section X X X X X
Lane X Cracking X - - - -
Section X Cracking - - - - -

X = Significant at O = 0.05.
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TABLE B.14. MULTIPLE CLASSIFICATION ANALYSIS OF DEFLECTION DIFFERENCES
BEFORE AND AFTER OVERLAY

Sensor Number

Source of
Yariation Nl NZ N3 N4 NS
Grand Mean 9.3 1.7 4.9 3.5 1.8
Adjusted Effects
Lane 1 - 4.1 - 4.2 - 3.6 - 3.1 - 2.5
Lane 2 - 1.2 - 0.9 - 0.3 0.1 0.3
Lane 3 4.5 4,0 3.0 2.3 1.7
Lane 4 0.6 0.9 0.7 0.6 0.4
* Beta .44 .47 .47 .45 .39
Section 2"NR - 2.6 - 2.5 - 2.4 - 1.9 - 1.7
Section 2"R 2.0 2.0 1.6 1.7 1.3
Section 3"R 4.0 3.6 2.6 1.8 1.2
Section 3"F - 0.8 - 0.5 - 0.5 - 0.7 - 0.4
Section 2"F - 3.3 - 3.1 - 1.8 - 1.4 - 0.7
* Beta .39 .40 .38 .36 .30
Multiple R? .37 40 .38 34 25
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Deflection (1: 100 mil)
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Fig B.4. Deflection basin by date: Section 3"R, Lane 4.
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Multivariate Analysis of Variance (MANOVA)

Multivariate ANalysis 0f VAriance (MANOVA) is used to complement the
univariate analysis of variance. In MANOVA, the information contained in the
deflection basin taken as a whole (i.e., sensor 1 through 5 readings) is used
to make inferences. The use of MANOVA atfords the study of lane and section
contrasts (i.e., the comparison of mean deflections) for all five sensor
readings simultaneously. It may also be argued that the five sensor readings
on every test are correlated because of Dynaflect operational mode and
condition, and therefore that MANOVA is required in order to make appropriate
use of the total information collected (Ref 13). However, when the
inferences previously made vary for the five sensors, MANOVA will provide
more definitive answers.

Sample input and output for subprogram MANOVA of the SPSS library are
presented in Fig B.5. The analysis starts by checking the homogeneity of
variance for the data set; this 1is required for the analysis to be wvalid.

The following were analyzed with MANOVA.

(1) sSurvey date effect (after overlay); whether or not, after the
initial significant reduction due to the various BCO designs, the
deflection basins were statistically different.

(2) Section effects by survey date; whether or not the results obtained
from the previous wunivariate analysis still hold when the
multivariate approach is used, and whether or not the inferences on
section effects can be made when these varied for the various
sensor readings.

(3) Immediate section effects nested in Lane effects: whether or mnot
the immediate response of pavement after BCO exhibited a definite

and consistent trend within each lane (i.e., traffic Llevel).
Table B.l15 presents a summary of the multivariate Dynaflect data

analysis for the date effect. Four test statistics are used in subprogram

MANOVA of the SPSS library to make multivariate tests of significance:
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TABLE B.15. MULTIVARIATE ANALYSIS FOR THE DATE EFFECT

(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significance of F-Test Less Than o = 0,05

September 1983 November 1984 September 1983

Yersus Yersus Versus
Test Name November 1984 May 1985 May 1985
Pillais Yes Yes Yes
Hotellings Yes Yes Yes
Wilks Yes Yes Yes
Roys Yes Yes Yes

(B) UNIVARIATE TEST UF SIGNIFICANCE

Significance of F-Test Less Than 4 = 0,05

September 1983 November 1984 September 1983

Yersus Yersus Yersus
Variable November 1984 May 1985 May 1985
W Yes No Yes
W, Yes Yes Yes
L Yes No Yes
Wy Yes Yes No
We Yes Yes Yes
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(1) Pillai's criterion,
(2) Hotelling's trace,
(3) wilk's A, and

(4) Roy's largest root criterion.

The definition and limitations of these statistics are beyond the scope
of this report. Suffice it to say that approximate F-values can usually be
calculated for each and that the significance of the F-test (i.e., the area
in the tails of the distribution function) can be calculated ana interpreted
as ia the familiar univariate Fisher's F-test. 1In Table B.15, these values
do not appear as such but are compared to a fixed significance level
0 = 0.05. It is such that all the four test statistics show that the date
effects are significant.

Since, "at the present time, little is known of the comparative power of
the (first) three test criteria" (Ref 14), it is important to ascertain that
the criteria are all in agreement (Table B.15).

From the analysis of the date effects, it can be said that pavement
response to dynamic loads as measured by the five Dynaflect sensor readings
variea significantly from one testing date to the next over the period when
the South Loop 610 BCO experiment was monitored in Houston.

The contrasts for individual sensor readings (i.e., linear combination
of means) varied in absolute value from 0.2 to 3.8 and the associated
standard errors from 0.19 to 0.33,

Finally, it can be seen that the univariate results agree reasonably
well with the multivariate results.

Table B.16 is a summary of the section effect analysis. The following

contrasts were studied:

(1) section 2"NR versus 3"R,
(2) section 2"R versus 3"R,
(3) section 2"F versus 3'"R, and

(4) section 3"F versus 3"R.
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TABLE B.16(a). " MULTIVARIATE ANALYSIS FOR THE SECTION EFFECT - MAY 1985 SURVEY

(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Test Name 3*F VYersus 3"R 2%F Versus 3"R 2"R Versus 3"R 2"NR VYersus 3"R
May 1985 Pillais X X - X
Hotellings X X - X
Wilks X X - X
Roys X X - X

(B) UNIVARIATE TEST OF SIGNIFICAKCE

Significant Effects

Date Variable 3"F Yersus 3"R 2"F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
May 1985 Wy X X X X
Hz X X X X
H3 X X X X
94 X - X X
HS X - X X

X = Significant Effect at @ = 0,05

el



TABLE B.16(b). MULTIVARIATE ANALYSIS FOR THE SECTION EFFECT - NOVEMBER 1984 SURVEY
(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Test Name 3"F Versus 3"R 2"F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
November 1984 Pillais X X - X
Hotellings X X - X
Wilks X X - X
Roys X X - X

(B) UNIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Variable 3"F VYersus 3"R 2"F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
November 1984 Nl X X - X
HZ X - - X
H3 X - X
H4 X X
H5 X X - X
X = Significant Effect at & = 0,05

eel



TABLE B.16(c). MULTIVARIATE ANALYSIS FOR THE SECTION EFFECT - SEPTEMBER 1983 SURVEY

(A} MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Test Name 3*F Versus 3"R 2"F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
September 1983 Pillais X X X X
Hotellings X X X X
Wilks X X X X
Roys X X X X

{B) UNIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Yariable 3*F Versus 3"R 2"F VYersus 3"R 2"R VYersus 3"R 2“NR Versus 3"R
September 1983 Hl X X X b
“2 X X X X
H3 X - X X
H4 - X X
H5 - X X

X = Significant Effect at 0@ = 0,05

el



TABLE B.16(d). MULTIVARIATE ANALYSIS FOR THE SECTION EFFECT - MAY 1983 SURVEY

(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Date Test Name 3"F Versus 3"R 2"F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
May 1983 Pillais X X X X
Hotellings X X X X
Wilks X X X X
Roys X X X X

(B) UNIVARIATE TEST OF SISNIFICANCE

Significant Effects

Date Test Name 3"F Versus 3"R 2*F Versus 3"R 2"R Versus 3"R 2"NR Versus 3"R
May 1983 W X X - X
HZ X X - -
N3 X X X -
H4 X X X X
N5 X X - X

X = Significant Effect at & = 0,05

QeT
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The reader may recall that the 3-inch steel-mat-reinforced section (i.e,

3"R) had the greatest reduction in deflection immediately after overlay. For

this reason, it 1s compared to all other sections for the four dates when

deflection data were collected.

From Table B.16, the following remarks can be made:

(1)

(2)

The multivariate tests are all significant for the contrasts
studied except for the 2'"R versus 3"R contrast in May 1985 and
November 1984, For these two data sets, it follows that if one
accounts for the random variation due to lane, cracking indicator
of the base CRCP and lane by section interaction, then the 2"R
section exhibits statistically the same deflection characteristics
as the 3"R section; this inference can be made with 95 percent
confidence. All other sections have deflection characteristics
statistically different from the 3"R section.

The wunivariate tests of significance obtained from MANOVA are
presented to indicate which sensor reading may have influenced the
multivariate results., They are otherwise essentially the same as

was reported at the start of the study (i.e., univariate ANOVA).

Finally, the immediate effect of BCO placement is studied again from the

multivariate vantage point. Two main effects are examined corresponding to

the main factors of the experiment design: (1) materials and (2) overlay

thickness.

Specifically, the contrasts studied are as follows:

(D
(2)
(3)
(4)
(5)
(6)

2"NR versus 2"R
2"NR versus 2"F
2"R  versud 2"F

3"R versus 3'"F

material

— L

2"R  versus 3"R .
overlay thickness
2"F versus 3"F

RR357-2F/BB



137

Since, the univariate ANOVA had revealed a significant lane by section
interaction, the nested design feature of subprogram MANOVA is used to assess
the effects of the six contrasts above.

In esseance, lane becomes the blocking variable: the variations between
lanes are not investigated as such but rather the variation within each lane.

This analysis is summarized in Table B.17. From Table B.l7, the

following remarks can be made:

(1) The 2"F and 3"F sections are statistically different in lane 3 and
Lane 2 only.

(2) The 2"R and 3"R sections are statistically different in lane 3
only.

Recalling that before overlay placement, (May 1983 data set)

lane 3 had the highest deflection at all 5 sensors (see Table B.12)
followed by lane 4, lane 2 and lane 1, it can be said that the
thickness effect as revealed by the two contrasts above is a
function of traffic level where lane number is a substitute
variable for traffic level. In other words, for a low level of
traftic loading, the thickness effect is negligible. As traffic
level increases, thickness effect becomes significant}; therefore,
there seems to be a threshold of traffic beyond which thickness of
overlay becomes important for the two materials used in the South
Loop 610 experiment, and the threshold is reached for the fiber
before the steel mat.

(3) The 3"R and the 3"F sections have significantly different
deflection basins in lane 3 only.

(4) The 2"R and the 2"F sections have significantly different
deflection basins in lane 3, lane 4, and lane 1.

(5) The 2"NR and the 2"F sections have significantly diftferent
deflection basins in lane 3, lane 4, and lane 2.

(6) The 2"NR and the 2"R sections have signiticantly ditferent

deflection basins in lane 3 and lane 2,
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TABLE B.17 (a). MULTIVARIATE ANALYSIS FOR THE IMMEDIATE SECTION EFFECT WITHIN A LANE - LANE 1

8eTl

(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Test Name 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
1 Pillais - - - X - -
Hotellings - - - X - -
Wilks - - - X - -
Roys - - - X - -

(B) UNIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Variable 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
1 Hl - - - X - -
Hz X - - X X -
H3 - - X - -
H4 - - - X - -
x - -




TABLE B.17 (b). MULTIVARIATE ANALYSIS FOR THE IMMEDIATE SECTION EFFECT WITHIN A LANE - LANE 2

(A) MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Test Name 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
2 Pillais X - - - X X
Hotellings X - - - X X
Wilks X - - - X X
Roys X - - - X X

(B) UNIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Variable 2"F Versus 3"F 2"R Versus 3"R 3“R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
2 Nl - - X X X X
N2 - - X X X X
N3 - - X - X X
' ' - ' : :
N5 - -

6¢1



(A)

TABLE B.17(c). MUTLIVARIATE ANALYSIS FOR THE IMMEDIATE SECTION EFFECT WITHIN A LANE - LANE 3

MULTIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Test Name 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
3 Pillais X X X X X X
Hotellings X X X X X X
Wilks X X X X X X
Roys X X X X X X

(8)

UNIVARIATE TEST OF SIGNIFICANCE

Significant Effects

Lane Variable 2“F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R

3 Hl X X X X - X
W, X X X X X X
LE} X - X X - X
L X - X X - X
W X - X X - X

ovT



TABLE B.17(4).

MULTIVARIATE ANALYSIS FOR THE IMMEDIATE SECTION EFFECT WITHIN A LANE - LANE &

(A) MULTIVARIATE TEST OF SIGNIFICANCE
Significant Effects
Lane Test Name 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3'F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
4 Pillais - - - X X -
Hotellings - - - X X -
Wilks - - - X X -
Roys - - - X X -
{B) UNIVARIATE TEST OF SIGNIFICANCE
Significant Effects
Lane Variable 2"F Versus 3"F 2"R Versus 3"R 3"R Versus 3"F 2"R Versus 2"F 2"NR Versus 2"F 2"NR Versus 2"R
4 “1 - - X X - -
W, - - X X - -
H3 - - X - - -
H4 - - X - - -
HS - - - - - -

T
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These results reflect on the structural value of the two types of
materials investigated; results (3) and (4) indicate that for the low level
of overlay thickness (i.e., 2 inches) the fiber and steel mat material
performed signiticantly differently in their ability to reduce pavement
aeflection. At the high level of thickness (i.e., 3 inches) the two
materials performed the same except when traffic level was high.

Results (5) and (6) indicate that for the low level of thickness, the
inclusion of fiber in the paving concrete resulted in a significant change in
the deflection basins whereas the inclusion of steel mats in the paving
concrete resulted in significant change only when the traffic level or
intensity had been high.

To sum it up, within the realm of the variables investigated, the most
structural benefit is obtained by using fibrous concrete in BCO construction
when traffic level and intensity are low and steel-mat-reinforced concrete

when traffic level and intensity are high.

RR357-2F/BB
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